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INTRODUCTION 
Cell differentiation is a complex phenomenon in which genetic 
mechanisms are called upon to produce sometimes extreme changes in the 
character of a cell population. Whereas most eukaryotic organisms 
undergo this process, it is usually at a stage in development (i.e., 
embryogenesis) where many events occur simultaneously. Isolating spe­
cific products and the tissues responsible for their expression is very 
difficult due to the small amount of material and the close association 
with other tissues. For this reason, the process of erythropoiesis 
(i.e., red blood cell differentiation) has been widely chosen as a model 
system of differentiation. The different stages of red cells are easily 
isolated from bone marrow and blood in large numbers. A single set of 
products, the protein subunits of hemoglobin, are predominant in the 
mature forms. 
Unlike the more familiar mammalian red cells, those from birds, 
fish, reptiles and amphibians do not lose their DNA and nuclei at matu­
ration. Instead, the chromatin from these cells becomes highly con­
densed and almost completely inactive in nucleic acid synthesis. The 
resultant nuclei are therefore an excellent system for the study of 
chromatin structure and regulation of genetic expression. 
Regulation can theoretically occur at any point in the gene 
expression process. These include: gene amplification or deletion; 
transcription initiation, elongation and termination; RNA processing, 
including capping, polyadenylation, methylation, and splicing; nuclear 
transport; RNP sequestering; preferential translation; RNA degradation; 
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and protein processing. Transcription is of particular interest as it 
is the primary step in genetic expression. A considerable amount of 
data has been accumulated on the regulation of this process in erythroid 
cells, but the exact mechanisms remain unclear. 
In this report I am analyzing the low-level RNA synthesis in iso­
lated chicken erythrocyte nuclei with the intent of being able to modu­
late this genetic expression. Because RNA synthesis decreases during 
erythropoiesis in parallel with known changes in nuclear components and 
structure, it is possible to begin assignment of these changes to a role 
in transcription regulation. These changes are reviewed in the follow­
ing three sections. The present understanding of erythroid chromatin 
structure and how it is thought to produce the observed transcription 
changes is then presented. The reactivation of this low-level synthesis 
in heterokaryons suggests a direction for study of the components 
involved in regulation. A review of reactivation events is given and 
leads into the final section discussing previous attempts to use iso­
lated erythrocyte nuclei in the isolation and analysis of regulatory 
components. 
Avian Erythropoiesis - Histological Changes 
The stages of avian erythropoiesis are well documented in the his­
tological study by Lucas and Jamroz (1961). The terminology used in 
this report will follow theirs. The first recognizable members of 
erythropoiesis are the erythroblasts. They are very similar to other 
large blast cells in bone marrow, where they originate, having a large 
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cytoplasm, an open coarse chromatin network and large conspicuous 
nucleoli. Next are the polychromatic erythrocytes, so named because 
they stain for both hemoglobin (with acid dyes) and RNA (with basic 
dyes). Three stages of polychromatic erythrocytes are identifiable and 
labeled early, mid, and late. The early cells are the largest, the most 
basophilic (i.e., RNA staining), and may contain a nucleolus. The mid 
cells are smaller with less basophilic and more eosinophilic material. 
They have clumped chromatin and no nucleoli. The late cells are more 
eosinophilic, the nuclei are round to slightly oval, and the chromatin 
is irregularly clumped. The reticulocyte is identified by the staining 
of cytosomic granules in the cytoplasm which are concentric to the 
nucleus. Although this staining is characteristic of most earlier 
stages of development after hemoglobin is expressed, it is used by Lucas 
and Jamroz specifically to identify the cells between the late-polychro­
matic and mature erythrocyte stages. There are many recent studies com­
paring the circulating red cells from normal birds to those from anemia-
induced birds. In this case the term reticulocyte is more loosely 
applied to all granule-staining cells even though the majority of the 
cells will be from the polychromatic erythrocyte stages. This report 
does not require the fine distinction between final differentiation 
stages so reticulocyte will be used in the more general sense. The 
final product of erythropoiesis is the mature erythrocyte. These cells 
are oval, packed with hemoglobin with almost no other cytoplasmic mater­
ial and contain a very highly compact oval nucleus. 
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Avian Erythropoiesis - Chemical Changes 
The cells from each stage of erythropoiesis can be readily sepa­
rated from other stages. Enriched fractions of erythroblasts can be 
obtained from the bone marrow of anemic chickens, polychromatic erythro­
cytes can be obtained from anemic blood, and greater than 99% pure 
erythrocytes are found in normal blood (Ringertz and Bolund, 1974; Wil­
liams, 1972a). Further fractionation is done by buoyant density centri-
fugation in bovine serum albumin (Kabat and Attardi, 1967; Williams, 
1972a). The analysis of individual stages has led to the following 
understanding of processes during erythropoiesis. 
The largest erythroblasts, found in anemic marrow, synthesize DNA 
and are active in cell division. After several divisions, the resultant 
smaller erythroblasts do not enter S-phase. This marks the approximate 
beginning of the polychromatic erythrocyte stage and no DNA synthesis or 
cell divisions are seen in later cells (Williams, 1972a). The maturing 
cells continue to decrease in size, with later stages taking on the 
characteristic oval shape. The accompanying, changes in the nucleus are 
very pronounced. Chromatin which was dispersed in erythroblasts gradu­
ally condenses until the mature erythrocyte contains a "homogenous, 
structureless, dense nucleus" (Lucas and Jamroz, 1961). The erythrocyte 
chromatin appears to be deposited in a regular array around nuclear 
pores (Everid et al., 1970). Large changes in the protein content of 
the nucleus are associated with this condensation. The largest effect 
is a six-fold decrease in total mass of the non-histone chromosomal pro­
teins (NHCPs) during maturation (Ruiz-Carrillo et al., 1974). Within 
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this overall reduction some proteins are eliminated, some are only 
reduced in concentration, and there are some which remain unchanged 
throughout. For example, the activities of the DNA polymerases, thymi­
dine kinase (Williams, 1972c,b) and RNA polymerases I and III are not 
observed in mature erythrocytes. RNA polymerase II and riboadenyltrans-
ferase are present but at reduced levels (Longacre and Rutter, 1977a; 
see the end of this section for a discussion of the RNA polymerases). 
The four major high mobility group NHCPs found in mammalian chromatin 
(i.e., types 1, 2, 14 and 17) have their counterparts in mature chicken 
erythrocytes and at comparable levels. These levels do not appear to 
change much during differentiation (Rabbani et al., 1978). Their pres­
ence in active and relatively inactive cells suggests that they are not 
directly involved in transcriptional regulation but may hold a struc­
tural role similar to the histones. 
Similarly, the small nuclear RNAs (i.e., Ul, U2, U3, 4 S, 4.5 S 
and 5 S) found in most tissues do not differ in concentration between 
avian liver, bone marrow, reticulocytes and mature erythrocytes (Kano et 
al., 1978). The snRNAs are hypothesized to be involved with RNA proc­
essing and activation of transcription through the interaction with 
repetitive DNA sequences (Britten and Davidson, 1969; Davidson and Brit­
ten, 1979). The loss of these sequences in erythrocytes would be 
expected if their functions are reduced but this is not seen. A 
decrease in ribonucleoprotein complexes containing snRNAs (i.e., snRNP) 
has been noted between reticulocytes and erythrocytes (Lerner et al., 
1980) so the difference in function may be due to loss of the proteins 
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involved in these complexes while the RNAs remain in an inactive unbound 
state. 
Although the histone to DNA ratio also remains constant (and simi­
lar to other tissues), a new histone is found which is unique to 
nucleated erythrocytes. This lysine-rich protein, named H5 or F2c, is 
already present at the erythroblast stage and in the mature erythrocyte 
it replaces the linker histone HI (Ruiz-Carrillo et al., 1974; Billet 
and Hindley, 1972; Appels et al., 1972). The modification of nuclear 
proteins by acetylation, methylation and phosphorylation is shown to 
decrease also as maturation proceeds (Ruiz-Carrillo et al., 1974; San­
ders et al., 1973; Shelton et al., 1972; Gershey and Kleinsmith, 1969; 
Brotherton et al., 1981; Sung et al., 1977; Sung, 1977). These changes 
are discussed in more detail below with regard to chromatin structure. 
Another maturation change in the nucleus is the loss of a nucleo­
lus. The decrease in size of this organelle, until it is no longer seen 
by about the mid-polychromatic erythrocyte stage, is paralleled by a 
decrease in ribosomal RNA synthesis and loss of RNA polymerase types I 
and III (Attardi et al., 1966, 1970; Longacre and Rutter, 1977a; Ring-
ertz and Bolund, 1974). Nucleolar extinction has also been correlated 
with the loss of ribosomes and the slowing of RNA transport to the cyto­
plasm (Bruns et al., 1965; Scherrer et al., 1966; Harris et al., 1969; 
Sidebottom and Harris, 1969; Deak et al., 1972; Attardi et al., 1966). 
The cytoplasm then becomes fairly empty of RNA and other normal cyto­
plasmic features such as mitochondria and endoplasmic reticulum (Zent-
graf et al., 1969; Small and Davies, 1972). 
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In the early stages of erythropoiesis all three forms of RNA 
polymerase can be detected, although type III activity is very low. 
This latter condition is typical of slowly growing differentiated tis­
sues (Longacre and Rutter, 1977a). Types I and II are found in similar 
amounts in the erythroblast, but possibly due to its greater lability 
the amount of the type I enzyme decreases rapidly during later develop­
mental stages. Most reports demonstrate the presence of type I in ane­
mic blood (i.e., in polychromatic erythrocytes), but in the mature 
erythrocyte only type II polymerase is found (Longacre and Rutter, 1977a; 
Kruger and Seifert, 1977; van der Westhuyzen et al., 1973; Appels and Wil­
liams, 1970; Scheintaub and Fiel, 1973; Schechter, 1973). Polymerase II 
activity in mature cells is reduced 3 to 6-fold compared to that of 
polychromatic cells and 10-fold compared to that in erythroblasts. 
Avian Erythropoiesis - RNA Synthesis 
Avian red blood cells synthesize RNA and this activity continues 
into the last stages of maturation (Attardi et al., 1970; Madgwick et 
al., 1972; Maclean and Madgwick, 1973; Ruiz-Carrillo et al., 1974; Zent-
graf et al., 1975) despite some earlier suggestions to the contrary 
(Cameron and Prescott, 1963; Scherrer et al., 1966). The predominant 
species in erythroblasts is a rapidly turning-over, high molecular 
weight nuclear RNA (hnRNA) with a significant but more slowly labeled 
ribosomal RNA component. The majority of the RNA does not reach the 
cytoplasm but is broken down in the nucleus. Ninety percent of the 
minor fraction that does reach the polysomes is 9 S globin messenger 
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RNA. The erythroblast and polychromatic erythrocyte stages of 
differentiation are the most active in globin mRNA synthesis (Scherrer 
et al., 1966). 
RNA synthesis is already highly restricted by the reticulocyte 
stage. These cells contain about 4000 polyCA)"*" hnRNA species but only 
100 polyCA)"*" mRNA species (Lasky and Tobin, 1979). This is in contrast 
to the approximately 14,000 poly(A)* mRNA species found in chicken liver 
(Lasky and Tobin, 1979) and oviduct (Axel et al., 1976). As might be 
expected for liver cells which have no predominant products, most of 
these mRNAs are expressed at fewer than 10 copies per cell. Oviduct, on 
the other hand, produces a small number of distinct proteins in large 
amounts and therefore 70% of its mRNA consists of about 10 abundant 
species. Still, cross-hybridization of mRNA from these tissues shows 
that the vast majority of these sequences (85%) are held in common (Axel 
et al., 1976). Reticulocytes express only 100 sequences of those found 
in liver mRNA (Lasky and Tobin, 1979). This indicates a major differ­
ence between the differentiation of oviduct cells and reticulocytes. 
Whereas oviduct cells must maintain themselves over the life of the ani­
mal, the reticulocytes are destined for removal after about 30 days in 
the blood stream. It is therefore necessary for oviduct cells to con­
tinually make the "housekeeping" products which are found in other 
long-lived cells. Reticulocytes do not seem to require this same vari­
ety of products and the maturation of these cells shuts down all but 
globin and a few other products. 
The globin mRNA in reticulocytes is quite stable; experiments 
9 
using actinomycin D suggest a half-life of at least 6-8 hours (Scherrer 
et al., 1966). Despite this, the mature erythrocyte contains few if any 
cytoplasmic globin sequences and only a trace of these sequences in the 
nucleus (Ross et al., 1982; Wood et al., 1981). The RNA synthesized in 
erythrocytes is of high molecular weight but is localized to the 
interchromatic channels of the nucleus and does not appear to reach the 
cytoplasm (Zentgraf et al., 1975). 
Erythroid Chromatin Structure and Regulation of Gene Expression 
Eukaryotic DNA is extensively packaged with protein. It is widely 
held that this protein structure is intimately involved in the control 
of transcription. A review of this subject, with its implications for 
erythroid cells, is best dealt with in two sections. First, only part 
of the DNA in eukaryotic chromatin has the potential to be expressed. 
This DNA is packaged in a configuration different from the bulk of DNA 
and is termed "active" (see review by Weisbrod, 1982). The term active 
relates only to the potential to be transcribed. The second section 
deals with transcription. 
Active chromatin 
The basic unit of eukaryotic chromatin is the nucleosome (McGhee 
and Felsenfeld, 1980; Igo-Kemenes et al., 1982). It contains two each 
of the four core histones, H2a, H2b, H3, and H4, and between 146 and 240 
base pairs of DNA. The DNA coils around these histones in two loops 
(about 146 base pairs of DNA) and then extends to the next nucleosomes. 
The effect has been compared to putting "beads on a string". The vari­
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able amount of DNA associated with each nucleosome is apparently due to 
the amount of DNA in the "linker" region between nucleosomes. A fifth 
histone, HI, appears to bind in this linker region and contributes to 
higher ordering of the chromatin. 
Active genes are also found in nucleosomes, so the presence of 
these structures does not directly distinguish between active and inac­
tive chromatin (Lacey and Axel, 1975). In avian erythropoiesis, how­
ever, a unique change occurs in the composition of nucleosomes which was 
expected to explain inactivation. This change, the replacement of 
histone HI by H5, is discussed below with its relation to erythrocyte 
gene activity. Other differences between active and inactive chromatin 
include differential sensitivity to DNase I, changes in histone modifi­
cations, and DNA methylation. These are also discussed in light of what 
is known about erythroid chromatin. 
Histone H5 The presence of histone H5 in the inactive erythro­
cyte nucleus initially aroused a lot of interest. Because it replaces 
HI, which binds in the linker region between nucleosomes and appears to 
play a crucial role in higher chromatin structure (Igo-Kemenes et al., 
1982), it was decidedly the most likely explanation of erythrocyte inac­
tivation. In contrast to changes in HI and H5, a normal complement of 
the core histones is maintained throughout differentiation, suggesting 
that these proteins are not directly involved in gene regulation (Appels 
et al., 1972; Billet and Hindley, 1972; Sanders et al., 1973; Ruiz-Car-
rillo, 1974; Mathis et al., 1980). 
If H5 causes the inactivation of most erythrocyte DNA, then 
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removal of this protein by salt extraction should stimulate 
transcription. Seligy and Miyagi (1974) extracted erythrocyte and liver 
chromatin with increasing concentrations of NaCl and compared the abil­
ity of bacterial polymerase to transcribe these templates. After 
extraction with 0.6 M NaCl the restricted state of the erythrocyte chro­
matin was "opened up" so that transciption equalled that of liver. This 
salt concentration corresponds to the conditions for removal of HI and 
H5 from the chromatin, although other non-histone proteins were also 
removed. 
Chicken erythrocytes and liver also differ in the way the average 
nucleosome is packaged. By digesting chromatin with micrococcal 
nuclease and sizing the resulting DNA fragments by electrophoresis, the 
size of the average nucleosome can be determined. For erythrocytes, the 
repeat distance between nucleosomes is 212 base-pairs while in liver it 
is 200 base-pairs. The difference can be explained by the presence of 
H5 in erythrocytes but not in liver and hence a tighter nuclosome struc­
ture in erythrocytes (Morris, 1976). Other studies have shown that this 
difference is also found between cells in the different stages of eryth-
ropoiesis. Erythroblasts have only one-fifth the H5 of mature erythro­
cytes and have a nucleosome repeat of 190 base-pairs compared to 212 in 
erythrocytes (Weintraub, 1978). Another similar study showed an inter­
mediate stage of erythroid cells to contain both greater H5 and a longer 
repeat than the erythrocyte (Schlegel et al., 1980). 
Histone H5 therefore does appear to be implicated in how nucleo­
somes are packaged in chicken erythrocytes. It would also be expected 
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to play a similar role in nucleated erythrocytes from trout, carp, and 
sucker but the quantity of this protein does not correlate with repeat 
distances within the chromatin of mature cells from these organisms 
(Miki and Neelin, 1980). Several other lines of evidence suggest that 
the presence of H5 alone is not sufficient to explain the inactivation. 
This protein is already present in the erythroblast at greater than 20% 
(some reports up to 60%) of the level in mature erythrocytes (Billet and 
Hindley, 1972; Weintraub, 1978; Schlegel et al., 1980). Because RNA 
synthesis is still high in erythroblasts, the inhibitory role of H5 in 
these cells is not certain. The rate of RNA synthesis also declines 
steadily through maturation, which does not correspond to the higher 
level of H5 seen at intermediate stages of differentiation (Schlegel et 
al., 1980). In chromatin reconstitution experiments, the presence of HI 
had the same effect on transcription as H5 in erythrocyte chromatin and 
H5 could substitute for HI to restore a "native" state of transcription 
to calf thymus chromatin. In the presence of either linker histone, the 
erythrocyte chromatin remained more restricted than thymus (Bolund and 
Johns, 1973). 
In an experiment similar to one discussed earlier (Seligy and 
Miyagi, 1974), Weisbrod et al. (1980) used the sensitivity of active 
genes to DNase I to determine at what salt concentration activating com­
ponents are removed from chromatin. In this case an active chromatin 
was maintained after salt-washes which removed HI and H5 and possibly 
the core histones as well. Villeponteaux et al. (1978) similarly showed 
that HI and H5 are not directly responsible for the loss of DNase I sen­
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sitivity. 
Thus, the introduction of H5 does not appear to directly cause a 
transition from active to inactive chromatin. Its presence in erythro­
cytes is somehow involved in this inactivation but a greater understand­
ing of higher level ordering of chromatin and its effects on gene 
expression may be required to discover this relationship. 
DNase I sensitivity Weintraub and Groudine (1976) showed that 
digestion of chick erythrocyte nuclei with pancreatic DNase I occurs in 
two phases. The first is rapid with about 50% of the DNA rendered 
acid-soluble after 20 min. A second phase suggests a relatively resis­
tant fraction of chromatin with another 20% of the DNA released over 
several hours. Globin genes are preferentially depleted in the initial 
rapid digestion, whereas ovalbumin genes, which are not expressed in 
erythroid cells, remain at a relatively constant level. In brain and 
fibroblast cells, neither of these genes is sensitive to mild DNase 
digestion. Similarly, ovalbumin genes are preferentially sensitive in 
oviduct but not in liver or erythroid cells (Garel and Axel, 1976; Bloom 
and Anderson, 1979). Thus, DNase I appears to distinguish between genes 
in an active chromatin conformation and an inactive state. The sensi­
tivity of actively transcribed genes to DNase I does not appear to be 
restricted to these high-volume genes as sequences of the least abundant 
classes of mRNA are equally sensitive (Garel et al., 1977; Levy-Wilson 
and Dixon, 1977). 
The detection of DNase I sensitivity has allowed some characteri­
zation of the chromatin structure associated with active genes. The 
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results of these studies demonstrate the requirement for HMG proteins 14 
and 17, and give some idea of the sensitive and hypersensitive sites 
located in and around active genes. 
Erythrocyte nuclei extracted with 0.35 M NaCl exhibit a loss in 
the preferential sensitivity of globin sequences to DNase I. Two pro­
teins from this salt wash fraction could be returned to the nuclei and 
again the specific globin sensitivity was observed. These correspond to 
the high mobility group proteins (HMG) 14 and 17 which are commonly 
found in other tissues and species (Weisbrod and Weintraub, 1979). 
Again, experiments showed that the effect was not specific to the globin 
genes. All DNase I sensitive genes in erythrocyte nuclei were radiola­
beled by nick-translation. After nuclei were extracted with 0.35 M 
NaCl, the labeled sequences showed no prefered sensitivity, but HMG 14 
and 17 were able to resensitize these to DNase digestion (Gazit et al., 
1980). The chromatin-HMG 14 and 17 interactions have been analyzed in 
some detail. It was concluded that these proteins bind stoichiometri-
cally with active nucleosomes giving DNase I sensitivity which is inde­
pendent of the actual rate of transcription of these sequences (Weisbrod 
et al., 1980). 
"The active transcription unit defined in part by HMG proteins is 
embedded in a large chromosomal domain (50-100 kb). This domain dis­
plays a level of DNAse I sensitivity that is intermediate" between 
resistant chromatin and the very sensitive chromatin containing coding 
sequences (Larsen and Weintraub, 1982; Stalder et al., 1980b). It has 
been postulated that this large intermediately sensitive domain corre-
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spends to a "lampbrush" type of regulation unit (Stalder et ai., 1980b). 
Within this domain are found a number of sites which are hyper-sensitive 
to DNase I digestion (Larsen and Weintraub, 1982). They appear to be 
tissue specific and frequently located at the 5* end of the coding 
sequences. This suggests that they may be related to putative initia­
tion sites for transcription. 
Histone modification The increase of H5 does not appear to be 
an adequate explanation of inactivation in erythroid cells. Two lines 
of research suggest that modification of H5 as well as the other 
histones may be related to gene activity. First, DNase I sensitivity 
was observed to increase with the hyperacetylation of histones (Marush-
ige, 1976; Perry and Chalkley, 1981). Second, the decreasing capacity 
of erythroid cells to synthesize RNA during differentiation is paral­
leled by a decreasing amount of histone phosphorylation and methylation 
as summarized below: 
phosphorylation methylation acetylation 
erythroblasts all histones H3, H4 H2a, H2b, H3, H4 
non-dividing reticulocytes H5, H2b H3, H4 H2a, H2b, H3, H4 
erythrocytes none none H2a, H2b, H3, H4 
(Sanders et al., 1973; Ruiz-Carrillo, 1974; Sung et al., 1977; Sung, 
1977). 
In addition to these decreases in total amount of modification, it 
is possible that the dynamic replacement of these groups is involved in 
gene regulation in erythroid cells. Brotherton et al. (1981), for exam­
ple, have shown that butyrate treatment has little effect on the the 
actetate content of erythrocyte histones suggesting that acetyl groups 
are in a frozen state in these cells. This is in contrast to the 
dynamic steady-state of acetylation/deacetylation found in other chicken 
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cells and mammalian cells. In these transcriptionally active cells 
butyrate inhibits the deacetylase and increases the level of acetylated 
protein (Brotherton et al., 1981; Riggs et al., 1977; Sealy and Chalk-
ley, 1978). Again, a direct correlation between RNA synthesis and 
histone modification can not be drawn although the final dephosphoryla-
tions of H5 correspond with the inactivity of the mature erythrocyte 
stage (Sung, 1977). 
DNA methylation Another candidate for a role in chromatin 
activation is methylation of the DNA itself. Some evidence has recently 
been presented that cytosine-residues in chicken globin genes are less 
methylated in erythroid cells than in brain, oviduct, or embryos where 
they are not expressed (McGhee and Ginder, 1979). Furthermore, it 
appears that this undermethylation is a general feature of those genes 
which are DNase I sensitive and presumably active (Naveh-Many and Cedar, 
1981). Although some suggestions have been presented about how methyla­
tion could inactivate genes (e.g., by increasing DNA helix stability, or 
altering DNA-protein interactions; Ehrlich and Wang, 1981), it is uncer­
tain how cells selectively regulate this methylation. 
Regulation of transcription 
Having a conformation which is sensitive to DNAse I does not nec­
essarily mean that a specific gene is expressed or that those that are 
transcribed will be so at the same rate. For example, the genes for the 
globin a- and ^-chains are expressed in mature erythrocytes but not in 
young embryonic red cells. Nevertheless, the o- and 3- genes are 
nuclease sensitive in these young cells (Stalder et al., 1980a). Also, 
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a coat protein for a chicken lysogenic retrovirus is expressed at a rate 
many-fold lower than mature globin in reticulocytes but both have the 
same DNase I sensitivity (Weisbrod et al., 1980; Groudine et al., 1978). 
This suggests that there are regulatory components controlling this 
aspect of gene expression. 
Beyond the understanding that active chromatin and polymerases are 
required for transcription, very little is known about transcription 
level control in eukaryotes. Several studies have developed assays 
which help to distinguish between genes which are transcribed and those 
which are not. The globin genes are sensitive to DNase I in both retic­
ulocytes and erythrocytes. In reticulocytes, these genes are also sen­
sitive to micrococcal nuclease digestion but in erythrocytes they are 
resistant (Weintraub and Groudine, 1976; Bellard et al., 1977). Ovalbu­
min genes are also preferentially sensitive to micrococcal nuclease in 
oviduct from estrogen-treated chicks but become less sensitive during 
estrogen withdrawal. This is accompanied by a decrease in oviduct 
nuclear estrogen receptors (Bloom and Anderson, 1979). This suggests 
that micrococcal nuclease recognizes a transcriptionally active complex 
which is different from the DNase I sensitive sites. 
Other distinctions betwen globin genes in reticulocytes and eryth­
rocytes have been seen. Chromatin isolated from these cells will bind 
poly-lysine which protects globin genes from digestion in reticulocytes 
while erythrocyte globin remains unprotected. E. coli RNA polymerase 
also recognizes globin sequences in reticulocytes and these transcripts 
are produced at levels above random synthesis. In erythrocyte and liver 
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chromatin, however, where globin sequences are not expressed, the 
bacterial polymerase gave no preferential synthesis of these genes 
(Sollner-Webb and Felsenfeld, 1975; Axel et al., 1973). 
Some questions have been raised over the acceptability of E. coli 
RNA polymerase as a probe for active structures. Zasloff and Felsenfeld 
(1977) reported the synthesis of globin sequences in reticulocyte chro­
matin from endogenous globin message instead of the DNA template when 
using this enzyme. When this effect is taken into consideration, the 
reticulocyte chromatin does not appear to produce globin sequences at a 
rate above random synthesis. Another study on the effects of exogenous 
polymerase in erythrocytes showed that the addition of rifampicin (an 
initiation inhibitor of E. coli polymerase) did not decrease the synthe­
sis of globin sequences while reducing total synthesis (Maryanka et al., 
1979). Their conclusions are that the E. coli polymerase does not ini­
tiate transcription of the globin gene but elongates RNA chains started 
by the endogenous polymerase in vivo. This is consistent with their 
finding of approximately one globin RNA sequence per gene with no appar­
ent reinitiation occurring. 
As previously mentioned, the mature erythrocyte contains signifi­
cant amounts of polymerase II. Although obviously essential for tran­
scriptional regulation, it is not certain how, or if, it is responsible 
for the differences (i.e., micrococcal nuclease sensitivity, poly-lysine 
binding, E. coli polymerase activity) between those genes which are and 
are not expressed in vivo. It has been suggested that polymerase mol­
ecules are arrested at the 5' end of the globin gene in intact erythro-
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cyte nuclei while in reticulocytes they can be found throughout the gene 
(Gariglio et al., 1981). This might imply an effect of elongation in 
regulation as opposed to more traditional considerations of initiation. 
Another report (Mandai et al., 1974) showed polymerase activity in 
erythrocytes but only in the presence of what they suggest is a subunit 
factor of polymerase II. The actual elucidation of the components 
involved at this level of regulation have yet to be worked out. Some 
interesting results have come from in vitro transcription systems using 
cloned 3-globin genes, purified polymerase II, and crude extracts from 
HeLa cells (Weil et al., 1979; Luse and Roeder, 1980). They have iso­
lated several transcription components required for correct initiation. 
However, this reconstituted globin system does not necessarily duplicate 
the multilayer structure of in vivo chromatin as the protein-DNA com­
plexes lacked histones. 
Of the components involved in transcription regulation, some are 
fairly well defined (i.e., histones, HMG proteins, and the polymerases); 
some, like the HeLa initiation factors, are at least recognized; while 
many, which may be involved at different levels, have yet to be identi­
fied. 
Avian-Mammalian Heterokaryons 
The inactivation of erythrocytes is part of the irreversible proc­
ess of erythropoiesis, or so it appeared until Harris and colleagues 
initiated a series of experiments in the mid-1960s. Following the 
observation that viruses can fuse eukaryotic cells together, heteroka-
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ryons were formed in which avian erythrocyte nuclei were introduced into 
the cytoplasm of an active mammalian cell (i.e., HeLa, 3T3, etc.). The 
resumption of RNA synthesis in these nuclei has been well documented 
(Ringertz and Savage, 1974; Harris, 1970; Sidebottom, 1974). A brief 
summary of the events involved in this reactivation follows: 
1) The size, volume, and dry mass of the erythrocyte nucleus 
begin to increase during the first few hours. This is associated with 
an influx of proteins from the active cell cytoplasm. These proteins 
are predominantly of non-histone chromosomal types and include RNA 
polymerase and DNA repair enzymes as well as histone HI which replaces 
H5 as the latter is lost (Appels et al., 1974a,b; Carlsson et al., 1973; 
Paterson et al., 1974). When several erythrocyte nuclei are introduced 
into a single cell, the reactivation process is much slower, suggesting 
that preformed proteins from the cytoplasm are being diluted among the 
nuclei and causing less effect per nucleus (Carlsson et al., 1973). The 
erythrocyte chromatin disperses. 
2) RNA synthesis is resumed. A direct relationship between size 
of the nucleus and the amount of RNA synthesis was determined, with the 
first increases noted during the first few hours (Harris, 1967). Only 
hnRNA synthesis can be detected at the earliest stages (Carlsson et al., 
1973). 
3) DNA synthesis is resumed after about 16-20 h post-fusion 
(Bolund et al., 1969). Basic nuclear proteins also start to accumulate 
in the erythrocyte nucleus at this time (Appels et al., 1975). Unless 
the mammalian nucleus is irradiated prior to fusion, the heterokaryons 
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undergo mitosis before the fourth day (Harris et al., 1969). 
4) Nucleoli begin to appear after the third day (Harris et al., 
1969), and ribosomal RNA is synthesized at this time. 
5) RNA is transported into the cytoplasm. This appears to happen 
only after the formation of a nucleolus (Harris et al., 1969). Chicken-
specific products start to reappear at this time. At maximum reactiva­
tion, the adult globin genes are transcribed and translated in rat, 
mouse, and hamster heterokaryons. The globin polypeptides comprise only 
0.1% of the total protein synthesis (Linder et al., 1981). Other 
chicken genes expressed include cell-surface antigens (Harris et al., 
1969), thymidine kinase (Kit et al., 1974), rRNA (Bramwell, 1978), and 
hypoxanthine phophoribosyl transferase (Harris and Cook, 1969) 
In these studies it was shown that much of the genetic regulation 
appeared to be associated with non-histone proteins of mostly unknown 
function (Appels et al., 1974a; Ringertz et al., 1971). Analysis of 
these materials is made more difficult by the need to separate the 
erythrocyte nuclei from the active host nuclei, the need to obtain het­
erokaryons in large numbers, and the large number of components 
involved. If the state of the erythrocyte nucleus in a heterokaryon 
could be duplicated in an in vitro system, some of these difficulties 
would be overcome. The active mammalian nuclei need not be included in 
the system so seperation would not be required. Erythrocyte nuclei can 
be obtained in large quantity. The number of components added to the 
isolated erythrocyte nuclei can be controlled by fractionation before 
reactivation is attempted. 
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In Vitro Reactivation 
As in most biochemical purifications, it is necessary to have an 
assay for measuring the activity of the components to be separated and 
characterized. In reactivation experiments, the assay must demonstrate 
an increase in activity when the correct components from active cells 
are included. 
The first of three groups to address this problem was Thompson and 
McCarthy (1968). They isolated hen erythrocyte nuclei by lysing the 
cells in water and homogenizing with detergent. Incubation of these 
nuclei in the presence of cytoplasmic fractions from mouse L-cells stim­
ulated DNA and RNA synthesis, whereas extracts from normal liver cells 
and ascites cells had little effect. Although an attempt to further 
purify the factors responsible for this activity from L-cells was to be 
undertaken, no report on this has appeared in the literature. 
The second group assumed that the state of condensation of the 
nucleus determines the RNA template availability (Leake et al., 1972). 
Using detergent-homogenized hen erythrocytes, they determined the rela­
tionships between various ion concentrations, the nuclear volume, and 
the ability of E. coli RNA polymerase to transcribe the chromatin. 
After swelling at low magnesium concentrations, the erythrocyte nuclei 
could be activated by cytoplasmic fractions from rat liver and uterus. 
Again, attempts to purify the active factors were not successful. They 
suggest that the factors are not general proteases, as nuclei do not 
break down with time as they do with dilute trypsin, but they are sensi­
tive to pronase suggesting a protein component. 
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The third group studied the in vivo RNA synthetic capacity of hen 
and Xenopus laevis erythrocytes. They reported that Xenopus erythro­
cytes had a far lower RNA synthesis rate than erythrocytes from chicken. 
Only 12% of the Xenopus erythrocytes retain some RNA synthetic capabil­
ity, whereas over 70% of the chicken erythrocytes still have RNA synthe­
sis. Protein synthesis in Xenopus erythrocytes is insensitive to Actin-
omycin D, whereas in chicken erythrocytes 30-50% of the activity is 
inhibited, further supporting the difference between RNA synthesis in 
these cells. They therefore suggest that reactivation of chicken eryth­
rocyte nuclei in heterokaryons is just a continuation of previous activ­
ity, and they recommend Xenopus erythrocytes for further reactivation 
studies (Madgwick et al., 1972; Maclean and Madgwick, 1973; Maclean et 
al., 1973). Their subsequent experiments used Xenopus nuclei prepared 
with the glycosidic,isoprenoid detergent, saponin. The effects of ion 
concentration on the chromatin template properties for E. coli polymer­
ase were determined. Maximal synthesis was obtained with high monova­
lent salt concentrations (i.e., NaCl or KCl concentrations of 100 mM or 
+2 
greater) and with either MnCl^ or MgCl^ at about 2 mM. The Mn ions 
+2 
stimulated the rate of transcription 3 times that when Mg was used. 
The results were explained as a probable effect on the rate of polymer­
ase activity instead of as a regulatory effect on the restricted eryth­
rocyte chromatin (Hilder and Maclean, 1974). 
In subsequent work, extracts from a number of tissues were shown 
to stimulate transcription in the Xenopus nuclei. A rat liver cyto­
plasmic extract boosted transcription by as much as 14-fold, This 
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extract was partially purified by ammonium sulfate precipitation and gel 
filtration. The active component appeared to be a protein with an 
apparent molecular weight of about 40,000 daltons as determined by chro­
matography on Sephadex G-200. It does not have a significant RNase, 
DNase, protease, or RNA polymerase activity (Maclean and Milder, 1977). 
RNA synthesized by Xenopus nuclei supplemented with E. coli poly­
merase was predominantly of low molecular weight such that most of the 
radiolabeled material migrated at about 4 S with some up to 14 S. Upon 
stimulation by rat liver factors, the amount of material increased but 
the size pattern remained the same. They concluded that some of the new 
transcripts were tRNA sequences which were competent for amino acid 
charging (Gregory et al., 1977). These results do not concur with those 
employing hen erythrocytes, where hnRNA was the main product as well as 
the first RNA synthesized in reactivated heterokaryons (Zentgraf et al., 
1975; Attardi et al., 1970; Carlsson et al., 1973). These results may 
be due to species differences. 
In each of the three groups above, protein extracts were observed 
to stimulate RNA synthesis in erythrocyte nuclei. They were not, how­
ever, able to explain the effect of these molecules. Since that time, a 
considerable understanding of chromatin structure and its function has 
been developed for the avian erythrocyte nucleus. Therefore, an expan­
sion of those earlier experiments on avian erythrocyte nuclei would have 
a greater background from which to start. The significant transcription 
level of avian erythrocytes over Xenopus erythrocytes, as noted by 
Maclean et al. (1973), suggests that the complicating factor of using 
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exogenous polymerase may not be required in the avian erythrocyte nuclei 
and therefore a situation closer to in vivo conditions can be main­
tained. Knowledge of RNA synthesis has also expanded since these ear­
lier experiments were reported. In this light much can be learned about 
the RNA being synthesized before reactivation, and then changes observed 
after reactivation could be more closely related to the events involved 
in reactivation. 
For the isolated nucleus to provide this information, it must cor­
respond to the nucleus of intact erythrocytes. Similarly, the known 
activity of RNA polymerase II in these nuclei as well as the production 
of hnRNA in normal and early reactivated nuclei should correspond to the 
similar activities seen in other eukaryotic cells. The conditions 
required for these activities must also allow the events of reactivation 
to proceed as outlined above. 
Therefore, erythrocyte nuclei were analyzed in this report with 
respect to their capacity for transcription and reactivation. An isola­
tion procedure for nuclei was selected and an assay developed which 
allowed the reproducible detection of the low-level synthesis of RNA 
found here. Conditions affecting RNA synthesis in saponin-lysed eryth­
rocytes were studied so that maximal synthesis could be used in subse­
quent experiments. The characteristics of the nascent transcripts were 
analyzed by the sensitivity of their synthesis to a-amanitin, size dis­
tribution, poly(A) content, the appearance of a 5* cap structure, and 
hybridization to both genomic DNA and a cDNA made from reticulocyte 
ribosomal mRNA. 
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To duplicate the heterokaryon reactivation procedure in vitro, 
proteins must enter the erythrocyte nucleus, so conditions for protein 
uptake into isolated nuclei were tested. Using these conditions, a 
variety of extracts were screened for reactivation of RNA synthesis in 
isolated erythrocyte nuclei. 
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MATERIALS AND METHODS 
Materials 
The following were obtained from Sigma Biochemicals: saponin; 
a-amanitin; actinomycin D; E. coli RNA polymerase (type I); RNase A; 
nuclease PI; protease (type XIV, pronase E); and E. coli alkaline phos­
phatase (type III). P-L Biochemicals was the source for oligo(dT)^2_j^g5 
G(5')PPP(5')G, ATP, CTP, GTP,and UTP. Chicken erythrocyte DNA was 
obtained from Cal Biochem. DNase I was from Worthington Biochemicals. 
Collaborative Research provided oligo(dT)-cellulose, type I. Whatman, 
Inc. supplied DE-81 paper. [^H]UTP (35-42 Ci/mmol) and [a-^^P]GTP (>300 
Ci/mmol) were purchased from New England Nuclear. DNA grade hydroxyla-
patite was obtained from BioRad Laboratories. AMV reverse transcrip­
tase, deoxynucleoside-triphosphates and calf thymus primers for cDNA 
synthesis were generously provided by Duane P. Grandgenett (St. Louis 
University School of Medicine). 
Methods 
Preparation of nuclei 
Saponin lysis Erythrocytes were collected from adult white 
leghorn chickens by cardiac or wing vein puncture into a heparinized 
vessel. All subsequent procedures were carried out at 0-4°C. Cells 
were washed several times with sterile 0.9% (w/v) NaCl. After each cen-
trifugation, the upper quarter of packed cells was removed to minimize 
white cell and immature red cell contamination, and the preparations 
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were routinely examined for reticulocytes by staining with phenyl cresyl 
blue. The cells from 20 ml of blood were lysed by gentle shaking on ice 
for 1.5 min in 400 ml of nuclei buffer (0.25 M sucrose, 25 mM KCl, 50 mM 
Tris-HCl (pH 7.4), and 5 mM MgCl^) containing 0.05% (w/v) saponin 
(Scheintaub and Fiel, 1973). The cell ghosts were collected by centri-
fugation at 700g for 5 min. The pellet was resuspended by shaking gen­
tly into 400 ml of nuclei buffer and again centrifuged. The pellet was 
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washed twice more and finally resuspended at 10 nuclei/ml in nuclei 
buffer and frozen at -80°C until used. Reticulocyte nuclei were simi­
larly prepared, but only the buffy layer of the packed cells was dis­
carded and lysis with saponin required somewhat longer incubation times. 
Microscopic examination suggested that lysis with dilute saponin 
released all hemoglobin and presumably all cytoplasm from the erythro­
cytes without affecting the nucleus. As long as the saponin treatment 
was for less than two minutes and centrifugation forces were kept low 
(<900g), the nuclei could be thawed and resuspended without clumping. 
Transcription activity of nuclei stored at -80°C remained constant over 
several months. Nuclei prepared at different times and from different 
birds varied in their transcriptional activity although the results 
remained qualitatively consistent. 
Acid-detergent Erythrocytes were prepared as in the previous 
section. The washed cells in 2.5 ml of saline were diluted to 40 ml 
with swelling buffer (0.5 mM MgCl^, 1 oiM CaCl^, pH 3 with HCl) and 
allowed to stand on ice for 30 min. The cells were broken with spinning 
blades in a Sorvall Omni-mixer for 1 min at 15,000 rpm (setting 7-3/4). 
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One volume of this hotnogenate was mixed with one volume of 
acid-detergent (2% (w/v) Brij 35, 0.5 mM MgCl^, 1 mM CaCl^, pH 3 with 
HCl). This was set on ice for 2-4 min and homogenized with 10 strokes 
of a tight pestle in a Bounce homogenizer. Eight volumes of sucrose 
buffer (0.25 M sucrose, 10 mM Tris-HCl (pH 7.4), 0.5 mM MgCl^, 1 mM 
CaClg) were added and the suspension centrifuged for 10 min at 750g. 
The pellet was resuspended in twice the volume of the spinning blade 
homogenate with a one-to-one mixture of swelling buffer and acid-deter­
gent and homogenized with the tight pestle followed by dilution with 
sucrose buffer and centrifugation as above. The nuclei were resuspended 
in sucrose buffer with the Bounce homogenizer and washed several times 
with this solution to remove detergent. They were frozen in aliquots at 
-80°C in this buffer and thawed quickly when needed. 
HeLa nuclei were also prepared by the acid-detergent method but 
cells were broken in a Bounce homogenizer instead of by the harsher 
spinning blade procedure. HeLa cells were harvested (6 x 10^ cells/ml) 
from suspension culture (Eagle's MEM supplemented with 5% fetal calf 
serum) and washed several times in NKM (10 mM Tris-HCl (pH 7.6), 10 mM 
KCl, 10 mM MgClg). The pelleted cells were resuspended at 5 x 10^ to 1 
X 10® cells/ml in TKM (0.15 mM Mg(0Ac)2, 10 mM KCl and 10 mM Tris-HCl 
(pH 7.6)) and allowed to swell for 15 min at 0*C. The cells were broken 
with 25-30 strokes of a tight pestle in a Bounce homogenizer. One tenth 
volume of sucrose-Tris buffer (2.5 M sucrose, 10 mM Tris-HCl, pH 7.4) 
was added immediately and the nuclei pelleted by centrifuging for 3 min 
at 1200g. The nuclei were resuspended in one-half the original volume 
30 
of TKM and the homogenization repeated. After centrifugation as before, 
the nuclei were resuspended in 0.5 volume of acid-detergent plus 0.5 
volume of erythrocyte swelling buffer (see above), homogenized once, 
washed, and stored as described for the acid-detergent erythrocyte nuc­
lei. 
Transcription assay 
Frozen nuclei were thawed rapidly and dispersed by gentle vortex-
ing. The standard transcription assay contained 10® nuclei in a final 
volume of 0.2 ml, and unless otherwise noted, the mixture also contained 
0.3 M sucrose, 25 mM Tris-HCl (pH 7.4), 2.5 mM MgClg, 175 mM KCl, 2 mM 
dithiothreitol, 0.1 mM each ATP, GTP, and CTP, and 5 ]iCi of [^H]UTP 
(approx. 0.7 vM). Incubations were carried out at 26°C and stopped by 
the addition on ice of unlabeled UTP at 0.1 mM. Each sample was soni­
cated in 0.3% (w/v) sodium deoxycholate and 100 ill of the mixture was 
applied to each of two Whatman DE-81 filters. The tube was rinsed with 
100 111 of water which was spotted onto a third filter. The filters were 
soaked 10 times for 15 min each in 0.5 M Na^HPO^, rinsed twice with 
water, twice with 95% ethanol, once with ether, dried, and counted in 5 
ml of toluene cocktail (19 g PPO, 0.95 g POPOP, 3.8 1 (1 gal.) toluene) 
in a liquid scintillation counter. 
The determination of radiolabel incorporated into polynucleotides 
was alternatively performed by precipitation with Cl^CCOOH (trichloroa­
cetic acid, TCA). Typically, the 0.2 ml reaction mixtures were cooled 
on ice and 1 ml of ice-cold 10% TCA was quickely added. After standing 
on ice for several minutes, the samples were vortexed and filtered 
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through Whatman GF/C glass fiber filter discs in a suction apparatus. 
The reaction tube was rinsed two times with 2 ml of cold 5% TCA, each 
time adding the solution to the filter. The filter was then rinsed 
twice with 3 ml of cold 5% TCA. The filters were dried and counted as 
above. 
Diphenylamine assay of nuclear DNA 
Because diphenylamine reacts with sucrose it was necessary to 
remove the nuclei from their buffers before assay. Nuclei (0.2 ml) were 
precipitated with 2 ml of cold 10% trichloracetic acid and centrifuged 
at 800g for 20 min. The pellet was brought up in 0.5 ml of 0.15 M NaCl, 
50 mM Tris-HCl (pH 7.4). Two volumes of diphenylamine reagent (2 g 
diphenylamine, 100 ml glacial acetic acid, 2.75 ml H^SO^) were added 
according to the procedure of Ashwell (1957); the solution was heated 
for 10 min in a boiling water bath and the absorbance read at 595 nm. 
Calf thymus DNA was run as a standard. 
Isolation of RNA 
Nuclei were incubated with 25 yCi/ml of [^H]UTP in a ten-fold 
scaled-up reaction mix for gel electrophoresis and oligo(dT)-cellulose 
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chromatography, and with 125 yCi/ml of [o- P]GTP in a five-fold mix for 
cap structure and hybridization analysis. The samples were diluted into 
15-20 ml of buffer containing 50 mM sodium acetate (pH 5.1) and 10 mM 
EDTA. Sodium dodecylsulfate was added to a final concentration of 0.5% 
(w/v), and the RNA was extracted with hot phenol as described previously 
(Girard, 1967). RNA in the aqueous phase was precipitated with 0.1 vol-
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urne of 2 M NaCl and 2 volumes of 95% ethanol at -20°C. HeLa rRNA (100 
yg) was added as carrier. The precipitate was resuspended in 50 mM 
Tris-HCl (pH 7.4) containing 2 mM MgCl^ amd 100 ug/ml of RNase-free 
DNase I and incubated for 30 min at 37°C. After EDTA was added to 10 mM 
and sodium dodecylsulfate to 0.5%, the solution was extracted with phe­
nol : chloroform: isoamyl alcohol (25:24:1). The RNA was again precipi­
tated with ethanol and the precipitate taken up in a small volume of 
sterile water. 
Capping analysis 
RNA labeled with [a-^^P]GTP was incubated at 37°C in 8 mM sodium 
acetate (pH 6.0) with 1 mg/ml of RNase A and 1.5 mg/ml of nuclease PI. 
After 60 min, the pH was raised by the addition of Tris-HCl (pH 8.0) to 
70 mM and bacterial alkaline phosphatase was added to 250 iig/ml. The 
mixture was incubated for a further 75 min with the addition of aliquots 
of the phosphatase at 15 min intervals. Initial volume for the phospha­
tase digestion was about 15 yl and the additions of phosphatase were 1 
yl each of a 4 mg/ml stock. Samples were applied to 20 cm x 20 cm What­
man DE-81 paper, dried and electrophoresed at 900 V for 4 h at 10*C in 
5% (v/v) acetic acid, 0.5% (v/v) pyridine buffer (pH 3.5). The paper 
was washed with 70% (v/v) ethanol and dried between blotters. Unlabeled 
samples were visualized by UV irradiation and radioactivity was observed 
by autoradiography. 
33 
DNA-RNA hybridization analysis 
Total chicken DNA obtained commercially was further purified as 
follows: DNA (2 mg/ral) was digested with 0.35 rag/ml protease in 1.8% 
(w/v) sodium dodecylsulfate in 75 mM NaCl and 35 mM EDTA for 3 h at 
37°C. After this mixture was extracted several times with phe­
nol : chloroform: isoamyl alcohol (25:24:1), the DNA was precipitated with 
ethanol and resuspended at a final concentration of 0.4 mg/ml in 0.1 M 
NaCl, 10 mM Tris-HCl (pH 7.4). DNA was sheared by three passes through 
a French press at 18-20K psi, precipitated with ethanol, collected by 
centrifugation, and resuspended in 2 ml of water. Before use, the DNA 
was dialyzed extensively against deionized water. Absorption at 260 nm 
was determined on a diluted sample in 0.18 M NaCl after boiling. 
Hybridizations were carried out in sealed capillaries containing 
150 AggQ units/ml of DNA and 1 mM EDTA in a final volume of 27 vl- The 
various C^t values were obtained by using four concentrations of potas­
sium phosphate buffer (pH 6.8) and times ranging from 2 min to 48 h. 
Samples containing 0.55 M phosphate were incubated at 66°C and those 
containing 0.2, 0.06 and 0.04 M phosphate were incubated at 60°C 
(Epplen et al., 1978), correcting to a standard rate as previously 
described (Britten et al., 1974). Each sample contained approximately 
2000 cpm of labeled RNA with a DNA/RNA ratio of at least 2000. 
DNA-DNA hybrids were analyzed by chromatography on hydroxyapatite 
(HAP). Capillary samples were diluted to 1.5 ml with water and applied 
at room temperature to 0.5 g of HAP which had been pretreated by boiling 
15 min in 0.1 M potassium phosphate buffer (pH 6.8). Hot potassium 
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phosphate buffer (50 mM) was pumped through the column while the water 
jacket was simultaneously brought to 60°C. When all single stranded 
material had been eluted, double stranded DNA was eluted with 0.2 M 
potassium phosphate buffer (pH 6.8). Each sample was dialyzed against 
distilled water, boiled for 10 min, and the absorbance at 260 nm was 
determined. 
DNA-RNA hybrids were analyzed by RNase A digestion. The 27 yl 
sample was added to 200 yl of phosphate buffer producing a final phos­
phate concentration of 0.24 M. A lOO-yl aliquot was assayed directly on 
a DE-81 filter while another was incubated at 37°C for 30 min with 50 
lig/ml of RNase A and then assayed. The amount of RNA in hybrid forma­
tion was determined from the fraction of radioactivity resistant to 
digestion. 
Preparation of reticulocyte polysomal mRNA 
White Leghorn roosters were made anemic by daily injections of 0.1 
ml/lb of a 2.5% neutralized phenylhydrazine solution for six days and 
bled by cardiac puncture on the eighth day. The cells were washed three 
times with sterile 0.15 M NaCl, removing the buffy coat. One volume of 
packed cells was resuspended in three volumes of lysis buffer containing 
10 mM ethanolamine, 2 mM MgCl^, 20 mM KCl, and 5 mM 5-mercaptoethanol at 
pH 7.4 and set on ice for 10 min. Several strokes with a loose-fitting 
Bounce homogenizer ensured lysis. The nuclei and other large debris 
were removed by centrifugation at 30,000g for 15 min. The supernatant 
fluid was layered over a 12 ml pad of 25% (w/v) sucrose in 20 mM Tris-
HCl (pH 7.4), 50 mM KCl and 5 mM MgCl^ and centrifuged for 3 h in a 
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Spinco 45Ti rotor at 35,000 rpm. The supernatant fluid was removed and 
the pellets were carefully rinsed with several ml of polysome buffer (20 
mM Tris-HCl (pH 7.4), 10 mM KCl, 5 mM MgCl^ and 0.5 mM EDTA). The pel­
lets were resuspended in polysome buffer and gently homogenized with a 
teflon-glass homogenizer. The polysome solution was adjusted to 0.1 M 
Tris-HCl (pH 9.0), 0.1 M NaCl, 10 mM EDTA and 1% (w/v) sodium dodecyl-
sulfate and extracted twice with an equal volume of phe­
nol : chloroform: isoamyl alcohol (25:24:1). After centrifugation, the 
aqueous layer was precipitated with ethanol and the pellet was resus­
pended in a small volume of 0.5 M KCl, 10 mM Tris-HCl (pH 7.4). Chroma­
tography of the RNA on oligo(dT)-cellulose was carried out as described 
by Aviv and Leder (1972). Material which bound to the column was eluted 
with 10 mM Tris-HCl (pH 7.4) and the pooled fractions were precipitated 
with 2 volumes of ethanol (-20°C) in the presence of 0.2% (w/v) potas­
sium acetate (pH 5.6). This material was rechromatographed, precipi­
tated with ethanol, and resuspended in a very small volume of sterile 
water. 
cDNA preparation 
Reverse transcription was carried out with avian myeloblastosis 
virus (AMV) RNA-dependent DNA polymerase as described by Yuferov et al., 
(1978). The synthesis mixture contained the following components in a 
total volume of 0.3 ml: 10 mM Tris-HCl (pH 8.3), 10 mM dithiothreitol, 
5 mM MgClg, 30 ng/ml Actinomycin D, 0.3 mM dATP, dCTP, dGTP and TTP 
3 (with [ HJTTP included at 0.16 mCi/ml), approximately 100 yg/ml of 
oligo(dT)-bound reticulocyte polysomal RNA, 400 iig/ml oligo(dT)^2_ig and 
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3.3 units of AMV RNA-dependent DNA polymerase in 30 of enzyme buffer 
(50 mM Tris-HCl (pH 7.5), 3 mM dithiothreitol, 1.0 M NaCl, 17.5% (w/v) 
glycerol, 0.1 mM EDTA and 0.002% (w/v) NP-40). All components except 
enzyme were combined and incubated at 42°C for 3 min to hybridize 
oligo(dT) primers and poly(A) RNA. The enzyme was added with the sample 
on ice and allowed to associate with the primer-template complex for 5 
min. The sample was incubated for 2 h at 42°C. 
Control samples were run in parallel to monitor the dependence on 
3 
enzyme and primer. Withholding reverse transcriptase reduced [ H]TTP 
incorporation to less than 1% and withholding the oligo(dT) primer 
reduced it to less than 4% of that of the complete mixture. Increasing 
the amount of reticulocyte RNA 5-fold increased the incorporation by 
3-fold over the standard reaction. 
The cDNA was purified by the method of Yuferov et al. (1978). 
Sodium dodecylsulfate was added to 0.1% (w/v) and protease to 0.1 mg/ml 
and the mixture was incubated at 37°C for 30 min. One volume of phe­
nol: chloroform: isoamyl alcohol (25:24:1) was added and the mixture was 
shaken for 5 min. The extraction was repeated and the final aqueous 
layer was made up to 0.3 M NaOH and incubated 18 h at 37°C to hydrolyze 
the RNA. After neutralizing with HCl, the sample was applied to a 27 ml 
Sephadex G-50 column and eluted with 50 mM NaCl, 10 mM Tris-HCl (pH 
7.4). All buffers and column materials had been autoclaved. Calf thy­
mus DNA (30 yg/ml) was added as carrier to the pooled fractions of the 
leading radioactive peak, along with NaCl to 0.2 M and the sample pre­
cipitated with 2 volumes of 95% ethanol at -20°C. After resuspending 
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the precipitate in sterile water, a small amount of insoluble material 
was removed by centrifugation. Assuming an equal representation of 
nucleosides in the cDNA, the specific activity was calculated to be 260 
cpm/pmol. 
Hybridization of ^ vitro transcripts to cDNA complementary to reticulo­
cyte polysomal mRNA 
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P-labeled RNA from erythrocyte and reticulocyte nuclei was 
hybridized in DNA excess to the cDNA complementary to reticulocyte poly­
somal mRNA. The total reaction volume was 3 pi and contained DNA at a 
concentration of 20 liM in 0.55 M phosphate buffer (pH 6.8). RNA was 
included at a total of either 2000 cpm or 1000 cpm. Samples were sealed 
in baked capillaries, boiled for 10 min, and incubated at 66°C for 
22.5 h to a C^t of around 10. Equivalent tubes were frozen immediately 
after boiling as controls and all were analyzed by RNase digestion as 
described under DNA-RNA hybridization. 
Preparation of crude protein extracts 
Rabbit liver cytoplasm Frozen liver was washed several times 
in water, then once in TKM-sucrose (50 mM Tris-HCl (pH 7.5), 25 mM KCl, 
5 mM MgCOAc)^ and 0.25 M sucrose). Twenty g of liver were cut into 
small pieces with a scissors and suspended with 20 ml of TKM-sucrose in 
a motor driven teflon-glass homogenizer. After suspension, the tissue 
was broken up with ten strokes of the spinning pestle. Cell debris was 
removed by centrifugation at 5000g for 10 min. The supernatant was 
carefully removed and centrifuged again for 20 min at 20,000g. The 
38 
final centrifugation was at 140,000g for 3 h in a Spinco type 40 rotor. 
The supernatant fluid was collected, avoiding both floating and pelleted 
material, and frozen until use. 
Chicken reticulocyte cytoplasm The post-ribosomal supernatant 
was prepared as described in the "Preparation of Reticulocyte Polysomal 
mRNA" section. 
Chicken reticulocyte nuclei, 0.35 M NaCl extract Reticulocyte 
nuclei were prepared as described in the "Preparation of Nuclei" section 
under "Saponin lysis". Nuclei were thawed and pelleted by centrifuga-
9 
tion for 10 min at SOOg. Approximately 4 x 10 nuclei were resuspended 
with a Bounce homogenizer to a total volume of 2 ml which contained 217 
1il of 3 M KCl. This was allowed to stand on ice for 30 min after which 
the nuclei were removed by centrifugation and the supernatant collected 
to be used immediately. 
Chicken reticulocyte nuclei, pH 8.5 extract The nuclei were 
the same as described above. They were concentrated by centrifugation 
9 
and resuspended at about 4 x 10 /ml. Twenty-five ul of 1 M KOH and 16.6 
ul of 3 M KCL were added per ml of nuclei giving a pH of 8.5 and 100 mM 
KCl final solution. The nuclei were sonicated for 30 s at 50% duty 
cycle at setting 2 of a Branson sonifier with a micro-tip. The nuclei 
and debris were removed by centrifugation for 5 min at 5300g. The 
supernatant was used immediately. 
HeLa nuclei, salt and acid extracts HeLa nuclei were prepared 
as in the acid-detergent method except that the acid-detergent buffer 
was replaced with buffer containing 0.3 M sucrose, 10 mM KCl, 5 mM 
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MgCl^j 10 mM Tris-HCl (pH 7.4), and 1 mM dithiothreitol. Nuclei were 
thawed, pelleted by centrifugation, and resuspended in 0.14 M NaCl. 
After 1 h, the nuclei were again pelleted by centrifuging at 3000g for 5 
min. The extraction was repeated and the two supernatants combined. 
The nuclear pellet was now resuspended in 0.25 M HCl and extracted twice 
as described for the salt extractions. Both extracts were dialyzed 
against water and then 50 mM NH^HCO^ and then lyophilized. 
Labeling of proteins with f^H1formaldehyde 
Following the procedure of Rice and Means (1970), 10 mg of protein 
were diluted to a final volume of 1 ml and a pH of 9.0 with 0.1 M NaOH. 
The reaction was started on ice by the addition of 0.2 ml of 83 mM 
3 [ H]formaldehyde (100 mCi/mmol) and allowed to proceed for 30 s. Four 
0.1 ml aliquots of 5 wg/ml sodium borohydride were added sequentially 
with vortexing between additions. The mixture was left on ice for 1 min 
after which another 0.5 ml of 5 mg/ml sodium borohydride was added. 
Unincorporated radioactivity was removed by dialysis against four 
changes of 10 mM Tris-HCl (pH 7.4). Lowering the pH caused decomposi­
tion of the borohydride and subsequent release of some tritium gas. The 
reaction should therefore be done in a hood and the sample neutralized 
before removal. 
Assay of protein uptake by isolated nuclei 
After incubation with radiolabeled proteins under the conditions 
given in the figure legends, the nuclei suspension was placed on ice, 
then carefully pipeted into a 15 ml conical centrifuge tube which con­
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tained 2.5 ml of a sucrose pad (0.44 M sucrose, 50 mM Tris-HCl (pH 7.0) 
and 5 mM MgCl^). The nuclei were pelleted through this pad by centrifu-
gation at 750g for 10 min. The supernatant was carefully removed trying 
not to disturb the sucrose pad until all protein solutions had been 
removed. After removal of the pad, the nuclei were resuspended in 1 ml 
of wash buffer (0.32 M sucrose, 50 mM Tris-HCl (pH 7.0), 5 mM MgCl^ and 
0.3% Triton N-101) and centrifuged again as above. The pellet was 
resuspended in 0.5 ml of wash buffer, transferred to a scintillation 
vial, solubilized in 5 ml of a toluene cocktail containing Triton X-100, 
PPO, and POPOP, and counted in a liquid scintillation counter. 
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RESULTS 
Preparation of Erythrocyte Nuclei 
As noted in the review by Ringertz and Bolund (1974), it is very 
difficult to obtain chicken erythrocyte nuclei free from cytoplasmic 
membrane. This is required in order to freeze nuclei for storage, as 
the presence of cytoplasmic "tags" causes nuclei to clump when thawed. 
Working with a frozen batch of nuclei offers both convenience and better 
day-to-day reproducibility. Techniques adapted for the isolation of 
mammalian nuclei using non-ionic detergents at neutral pH did not work 
for erythrocyte nuclei (Busiello and diGirolamo, 1975; Penman, 1969; 
Berkowitz et al., 1969; Marzluff et al., 1973). The small size of the 
erythrocytes prevented their breakage by Bounce homogenization. They 
could be broken by whirling-blade homogenization (Zentgraf et al., 1975) 
but washing with detergent buffers could not adequately clean the nuc­
lei in subsequent steps. The use of detergent at pH 3 (Goto and Ring­
ertz, 1974) as outlined in Materials and Methods removed cytoplasmic 
tags, and nuclei prepared in this way could be stored without clumping. 
3 
Assay of [ H]UTP Incorporation: HeLa vs. Erythrocyte Nuclei 
Transcription from isolated nuclei has been described for several 
animal systems (Marzluff et al., 1973; Busiello and diGirolamo, 1975; 
Zylber and Penman, 1971; Reeder and Roeder, 1972). The assay conditions 
were very similar in each case. Detectable levels of synthesis were 
observed with as few as 10^ nuclei in an assay containing around 1 nCi 
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of radiolabeled UTP. Using the consensus reaction mixture developed 
from these studies, as given in the legend to Fig. 1, the synthetic 
capability of acid-detergent isolated nuclei was analyzed. RNA synthe­
sis was compared in HeLa and erythrocyte nuclei using the standard TCA 
precipitation assay (Fig. lA). HeLa nuclei gave significant incorpora­
tion as per the previous studies, but erythrocyte activity was always 
very low and at the same level as samples containing no nuclei. The 
latter had a background which was fairly high and variable. Since RNA 
synthesis had been demonstrated in intact erythrocytes (Zentgraf et al.., 
1975; Madgwick et al., 1972), it was assumed that modifications to the 
assay could be made which would permit its detection in the isolated 
system. Thus, a DEAE-paper binding assay was adapted, which reduced the 
background from 1600 cpm to 600 cpm (Fig. IB). The low activity values 
were more reproducible than those obtained with TCA assay. Although 
greater than 90% of isolated RNA will bind to DE-81 filters, the large 
amounts of DNA and membrane present upon lysis of the nuclei produce a 
viscous mass which impedes binding. This was overcome by treatment with 
DNase I or sonication. 
The low level of RNA synthesis characteristic of intact erythro­
cytes was still not detectable in isolated nuclei under these condi­
tions. It was possible that the acid treatment of nuclei deletes them 
of polymerases or other transcription machinery. To examine this possi­
bility, the method of Appels and Williams (1970) was used to compare the 
polymerase activity in HeLa and erythrocyte nuclei as well as in intact 
erythrocytes. Cells or nuclei were sonicated and then centrifuged for 
3 
Figure 1. [ H]UTP incorporation in HeLa and erythrocyte nuclei with 
different assay conditions 
HeLa (O) and erythrocyte (•) nuclei were incubated at 26°C for the 
indicated timeso Incorporated radioactivity was determined in (A) by 
TCA precipitation and in (B)-(D) by DE-81 filter binding as described 
in Materials and Methods. Incubation conditions for (A)-(C) were: 
0.3 M sucrose; 10 mil Tris-HCl, pH 7.4; 5 "mM MgCl2; 1 mM MnCl2; 0.1 mM ATP, 
CTP and GTP; 1.1 pM [%]UTP (sp.act. 4.4 Ci/mmol), 2 mM dithiothreitol 
and 0.2 M KCl in 0.2 ml final volume which also included the following: 
(A), 100 yg DNA as acid-detergent nuclei; (B), an equivalent number of 
acid-detergent nuclei (10?) in each sample; samples in (C) received 
40 ng calf thymus DNA plus equivalent volumes of the supernatant from 
sonicated erythrocyte cells (A), nuclei (•) or HeLa nuclei (O) which 
contains the RNA polymerases (Appels and Williams, 1970). Samples in 
(D) contained 100 yg of DNA as saponin erythrocyte nuclei or 64 yg of DNA 
as acid-detergent HeLa nuclei in standard reaction mixture as described 
in Materials and Methods. The dashed lines indicate samples incubated 
with no nuclei. 
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1 h at 150,000g. An equivalent volume of the resultant supernatant was 
substituted for nuclei in a transcription assay containing calf thymus 
DNA as template. Little if any activity was seen for either erythrocyte 
fraction, whereas the HeLa extracts supported UTP incorporation for at 
least 60 min (Fig. IC). 
Because the erythrocyte nuclei could have been inactivated during 
isolation, a different procedure was sought. The use of saponin to lyse 
erythrocytes (Scheintaub and Fiel, 1973; Hilder and Maclean, 1974) 
appeared particularly gentle. With the modification of these procedures 
as noted in Materials and Methods, good quality nuclei were obtained 
which could be frozen until needed without clumping. The transcrip­
tional activity of these nuclei is shown in Fig. ID compared to acid-de­
tergent isolated HeLa nuclei (saponin will not lyse HeLa cells). The 
assay conditions were those of the standard assay mixture as described 
in Materials and Methods. The major change from conditions in Fig. lA-C 
g 
was an increase to 5 yCi of radiolabeled UTP and 5 x 10 erythrocyte 
3 
nuclei/ml. The erythrocyte nuclei showed linear [ H]UTP incorporation 
which was significantly above background. This was at least 10-fold 
lower than HeLa nuclei but readily detectable by this assay procedure. 
Since the original concern for isolation of erythrocyte nuclei was 
the removal of all cytoplasmic material and hence removing its effects 
on subsequent experiments, a few words should be said comparing the 
acid-detergent and saponin-prepared nuclei. Although not active in the 
experiments shown, the acid-detergent nuclei were not tested under con­
ditions identical to those used for the saponin-prepared nuclei. The 
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level of polymerase activity for erythrocyte cells vs. nuclei (Fig. IC) 
suggested that the assay was not sufficiently sensitive to observe the 
low level of activity subsequently seen in saponin-prepared nuclei. 
Therefore, the acid-detergent nuclei cannot be eliminated as inactive 
compared to saponin-prepared nuclei. The latter were used, however, for 
the majority of experiments in this study and are recommended for fur­
ther studies. They are easier to prepare and their good freeze-thaw 
capability makes them easy to use. In addition, the outer membrane 
appears to stabilize the nuclear membranes and pores (Harris, 1978) and 
it has been suggested that the gentler isolation conditions remove fewer 
nuclear proteins (Ruiz-Carrillo et al., 1974) producing a nucleus hope­
fully more like that in vivo. 
The presence of divalent cations in the isolation buffers had the 
following effect. When nuclei were isolated in buffer containing 0.5 mM 
MgClg, they showed maximum incorporation when the transcription assay 
+2 +2 
contained more Mn than Mg . Nuclei isolated in 5 mM MgClg, on the 
+2 +2 
other hand, preferred Mg over Mn for maximal transcription. In 
addition, nuclei have been prepared using the polycations spermine and 
spermidine to stabilize them (Burgoyne et al., 1970). To test the rela­
tive ability of these cations to produce maximum synthesis, erythrocytes 
from the same washed blood were prepared in parallel using 0.5 mM MgCl^ 
or spermine and spermidine (Burgoyne et al., 1970) and with a different 
blood preparation using 5 mM and 0.5 mM MgClg (Table I). The polyamines 
+2 
did not appear to stabilize the nuclei any better than Mg during prep­
aration and freezing. The isolation buffer containing 5 mM MgCl^ pro-
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duced nuclei with almost twice the transcription capability of those 
prepared with 0.5 mM MgCl^- This difference remained even when both 
+2 +2 
nuclear preparations were incubated with greater Mn than Mg ion con­
centration, as preferred by the nuclei prepared in 0.5 mM MgClg. There­
fore, the 5 mM MgCl^ buffer was chosen for subsequent experiments. 
Table I. Effect of multivalent cation concentration during nuclei 
isolation on [3H]UTP incorporation^ 
Isolation Buffer Assay Buffer 
mM Mg mM Mn 
[%]UTP Incorporation 
cpm ^ 
1) 0.5 mM MgClg 0.25 0.75 7910 100 
1.25 0.75 6520 82 
0.15 mM spermine/ 
0.5 mM spermidine 0.25 0.75 6970 88 
1.25 0.75 6060 77 
2) 5 mM Mg 2.5 0.5 71000 100 
0.25 0.75 63000 89 
0.5 mM Mg 2.5 0.5 34600 49 
0.25 0.75 41700 59 
Erythrocyte nuclei were prepared by saponin lysis as described in 
Materials and Methods except the standard 5 mM MgCl2 in the isolation 
buffer was replaced by the components given in the first column. The 
nuclei were assayed as described in Materials and Methods with the 
concentration of divalent cations as given in the table. The nuclei 
isolated in 5 mM MgCl2 were collected by centrifugation and resuspended 
immediately before assay in 0.5 mM MgCl^ buffer. 
48 
Conditions for Maximal RNA Synthesis in Saponin-Lysed Erythrocytes 
The saponin-lysed erythrocytes, the DEAE filter assay, and the 
general transcription conditions as outlined in the above section were 
now employed to develop a standard cell-free assay for the low tran­
scriptional activity characteristic of avian erythrocytes (Zentgraf et 
al., 1975; Madgwick et al., 1972). The parameters of the transcription 
assay were "fine-tuned" to achieve maximum synthesis. 
The saponin-isolated nuclei exhibited linear incorporation of 
label over a wide range of nuclei concentrations (Fig. 2A). This con­
firms the need for large numbers of nuclei in the assay for the detec­
tion of erythrocyte synthesis and suggests that the assay conditions are 
not limiting. The data presented in Fig. 2B show that the rate of 
incorporation was biphasic. The second phase, starting at 10-15 min, 
was usually linear up to 60 min, although in some preparations very lit­
tle incorporation was observed in this phase. The reason for this vari­
ability is not presently understood. The effects of varying cation con­
centrations are shown in Figs. 2C and 2D. Maximum synthesis occurred at 
175 mM KCl, where incorporation was 5-fold greater than that with no 
salt. The range of concentrations producing maximum activity is very 
narrow compared to similar studies in HeLa (Busiello and diGirolamo, 
1975) and mouse myeloma nuclei (Marzluff et al., 1973). This is consis­
tent with the presence of only the type II polymerases in erythrocytes 
while the mammalian cells contain, in addition, types I and III. Tran­
scription was greatest at the lowest total divalent ion concentration 
tested (2 mM) and at a Mg^^/Mn^^ ratio of 0.75/0.25 (i.e., 1.5 mM Mg"*"^ 
2 Figure 2. Parameters affecting the incorporation of [ H]UTP by isolated 
chicken erythrocyte nuclei 
(A) Increasing numbers of nuclei were Incubated 60 min at 30°C in 
standard reaction mixtures containing 125 mM KCl. (B,C) Nuclei 
equivalent to 100 yg of DNA were incubated in standard reaction mixtures 
at 26°C for the times indicated in (B) and at the KCl concentrations 
indicated in (C). (D) Nuclei were pelleted, resuspended in Mg-free 
buffer, and then incubated in reaction mixtures containing a total 
divalent metal ion concentration of 2 mM (•), 5 mM (A), or 10 mM (A) 
with the Mg/Mn ratios as indicated in the figure. The KCl concentration 
was 125 mM. 
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+2 
and 0.5 mM Mn ). These values are somewhat different from those for 
+2 isolated polymerase II, where the maximum for Mg alone is 6 mM and 
+2 +2 
Mn alone is 2 mM with Mn ions promoting 4-fold greater synthesis than 
+2 
Mg ions at their respective maxima (van der Westhuyzen et si., 1973). 
The data presented in Table II show that incubating reaction mix­
tures with RNase A (100 yg/ml, 30 min) or KOH (0.3 M, 20 h) after 
synthesis eliminated all radioactivity binding to the filters. Little 
change from control values was observed when DNase I (100 yg/ml, 30 min) 
or protease (100 vg/ml, 30 min) was used. These results demonstrate 
that the radioactive product is RNA. 
Table II. Chemical and enzymatic sensitivity of the in vitro product^ 
Additions [^H]UTP Incorporation 
cpm % 
None 26,400 100 
KOH 920 3 
RNase A 290 1 
DNase I 17,100 65 
Protease 27,100 103 
^Each sample was incubated for 60 min in standard reaction mixtures 
containing 108 nuclei and 5 yCi of [^HjUTP. Subsequent additions were made 
as indicated in the table. Samples were then incubated for 30 min 26*C 
with 100 pg/ml of either RNase A, DNase I, or protease, or for 20 h at 
30°C with 0.3 M KOH. Radioactivity remaining was determined after the 
second incubation as described in Materials and Methods. The DNase I used 
in this experiment was not an RNase-free grade. 
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Synthesis of RNA is not always dependent on DNA as a template. 
This is indicated by the production of RNA chains which are complemen­
tary to nascent transcipts when avian chromatin is supplemented with E. 
coli RNA polymerase (Zasloff and Felsenfeld, 1977) and also by the con­
siderable activity observed when isolated chicken polymerases are incu­
bated with RNA alone (Longacre and Rutter, 1977a; Appels and Williams, 
1970). This latter activity is resistant to DNase I digestion and 
inhibition by Actinomycin D. Hence, the template properties of the 
erythrocyte system were probed by pre incubât ing nuclei with either DNase 
I or Actinomycin D. Under the conditions given in the legend to Table 
III, DNase I solubilizes 10-15% of the DNA. This inhibited the subse-
3 
quent incorporation of [ HJUTP by 77% compared to nuclei incubated with­
out DNase. Similarly, the DNA-intercalating dye Actinomycin D inhibited 
3 [ H]UTP incorporation by as much as 70% at a concentration of 10 vg/ml. 
Zentgraf et al. (1975) observed a greater inhibition of transcription by 
Actinomycin D in intact erythrocytes. The lower cell densities in their 
assay could account for part of this effect since decreasing nuclear 
concentration did in fact increase the inhibition observed (Table III). 
In another study using intact erythrocytes, Madgwick et al. (1972) 
reported a similar 70% inhibition of UTP incorporation at 10 yg/ml of 
Actinomycin D. Therefore, the possible artifact of RNA-dependent RNA 
synthesis as seen with the bacterial enzyme and isolated chicken enzymes 
was not observed with intact erythrocytes and is unlikely in the iso­
lated nuclear system developed in this study. 
Another inhibitor of transcription which can tell us about the 
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Table III. Effect of DNase I and actinomycin D on 
isolated erythrocyte nuclei 
transcription in 
Conditions [^H]UTP Incorporated 
(cpm) 
% Inhibition 
1)^ Control 23,400 0 
DNase I 5,300 77 
2)^ nuclei/ml control +Act D 
5 X 10® 20,400 10,200 50 
2.5 X 10® 11,500 4,600 60 
1.25 X 10® 4,900 1,600 68 
1) Nuclei equivalent to 2 mg of DNA were digested in 1 ml of nuclei 
buffer for 5 min at 37*C with 10 jtg of DNase I (RNase-free). They were 
diluted 10-fold with nuclei buffer, collected by centrifugation, and 
resuspended in nuclei buffer. Control nuclei were treated similarly but 
the 5 min preincubation was without DNase. Transcription assays were 
carried out as described under Materials and Methods. 
2)^ Duplicate aliquots of nuclei were preincubated at 26°C in 
either the absence or presence of actinomycin D at 10 pg/ml. The final 
nuclei concentrations were as indicated in the table, and the preincubation 
mix was as described for the standard transcription assay minus the four 
ribonucleoside triphosphates. After 15 min, the nucleotides were added 
and incubation continued for 45 min. 
nature of the transcripts is a-amanitin. Because the three types of 
cukaryotic polymerases synthesize different products (i.e., ribosomal 
RNA by type I, messenger-like RNA by type II, and 5 S and tRNA by type 
III) and exhibit different sensitivities to a-amanitin (type I is insen­
sitive, type II is inhibited at less than 1 yg/ml, and type III at 
greater than 10 yg/ml), the general classes of RNA synthesized by iso­
lated nuclei can be deduced from the drug inhibition curves (Fig. 3). 
At a-amanitin concentrations between 0.1 and 1 vg/ml about 90% of the 
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synthesis was inhibited. Another 3-5% was inhibited at 200 yg/ml. 
These results are in agreement with studies showing that erythrocytes 
contain predominantly type II polymerase and also with the study of 
Landes and Martinson (1982) on RNA synthesis in isolated erythrocyte 
nuclei from chick embryos. The inhibition was not as great in intact 
erythrocytes where Zentgraf et al. (1975) found only a 50% inhibition at 
100 iig/ml a-amanitin. This could be due to reduced drug permeability in 
intact cells as compare to isolated nuclei. So it appears that unlike 
more active cells such as HeLa, Xenopus laevis tissue culture cells, 
mouse myeloma, and calf thymus (Zylber and Penman, 1971; Reeder and Roe-
der, 1972; Marzluff et al., 1973; Weil and Blatti, 1975), which have RNA 
synthesis activity both sensitive and insensitive to a-amanitin, the 
avian erythrocyte contains mainly the sensitive type II polymerase. 
Transcription systems derived from eukaryotic cells have often 
been supplemented with E. coli RNA polymerase in efforts to replace or 
increase their endogenous activity (Leake et al. y 1972; Hilder and 
Maclean, 1974; Cedar, 1975; Biessmann et al., 1976; Seligy and Miyagi, 
1974; Zasloff and Felsenfeld, 1977; Maryanka et al., 1979). The first 
two references above deal with erythrocyte nuclei. They show little or 
no synthesis without the addition of E. coli polymerase. With exogenous 
polymerase, however, the nuclei are quite active in RNA synthesis, and 
stimulation of this activity by extracts from various sources was demon­
strated. However, the applicability of bacterial polymerase to the 
problem of eukaryotic regulation has been questioned in many of the 
studies on chromatin transcription. Some of the results obtained using 
Figure 3. Effect of a-amanitin on RNA synthesis by endogenous polymerases 
in erythrocyte nuclei 
Incubations were at 26°C for 30 min in reaction mixtures containing 
200 mM KCl, 5 mM MgCl2, 1 mM MnCl2, nuclei equivalent to 95 yg of DNA., 
and the amounts of a-amanitin as indicated in the figure. 
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the E. coli enzyme, such as RNA-dependent synthesis (Zasloff and 
Felsenfeld, 1977), symmetrical transcription of DNA strands (Biessmann 
et ai., 1976), and initiation at sites different from those of the euka-
ryotic polymerase (Cedar, 1975) suggest that this enzyme is not dupli­
cating the endogenous eukaryotic activity. Maryanka et al. (1979) sug­
gest that E. coli polymerase is only completing RNA which was initiated 
in erythrocyte chromatin by the endogenous polymerase. Since transcrip­
tion by endogenous polymerases in the erythrocyte nuclei of this study 
was also extremely low (compared to HeLa, Fig. ID), experiments were 
carried out to determine whether the bacterial enzyme could be used to 
stimulate RNA synthesis in these preparations. 
The results presented in Table IV show that the addition of 5 
units/ml of E. coli RNA polymerase produced only a 20% increase in the 
3 incorporation of label from [ H]UTP. Moreover, when the endogenous 
3 
activity was eliminated by a-amanitin (10 vg/ml), the [ H]UTP incorpora­
tion was equal to the increase observed in the absence of the drug. 
This suggests that the increase in incorporation was the product of the 
bacterial enzyme since it is resistant to a-amanitin. The exogenous 
polymerase does not appear to compete with the endogenous polymerase 
(e.g., for initiation sites or precursor molecules), rather the small 
amount of additional transcription appears to be independent of the 
endogenous activity. Because the increase in synthesis was fairly small 
and the effects of using bacterial polymerase to model eukaryotic 
synthesis are in question, it was decided to use only the endogenously 
occurring polymerases for further study. 
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Table IV. Effect of E. coli DNA-dependent RNA polymerase on [ H]UTP 
incorporation in erythrocyte nuclei® 
Additions 
[^H]UTP Incorporation 
cpm ^ 
None 22,600 100 
a-amanitin 780 4 
E. coli RNA Polymerase 27,300 121 
E. coli RNA Polymerase 
plus a-amanitin 
4,130 18 
^Transcription assays were carried out as described in Materials 
and Methods. Where indicated, a^amanitin and E. coli RNA polymerase 
were added to final concentrations of 10 pg/ml and 5 units/ml, 
respectively. 
The isolated erythrocyte nuclei of Gariglio et al. (1981) are 
stimulated 14-fold in transcription level by incubation with 0.6% sarko-
syl. This detergent is thought to release chromosomal proteins and 
thereby increase the rate of elongation. The erythrocyte nuclei in the 
present study are stimulated only 0.3-fold by the addition of sarkosyl 
(Table V). The reason for the large difference between these two stud­
ies is not clear but it suggests that the inhibition of elongation by 
chromosomal proteins is not as great in nuclei prepared and assayed as 
in this study. It was also noted that sarkosyl lyses the nuclei during 
incubation. Therefore, any advantages gained through the use of these 
intact organelles are lost if sarkosyl is added. 
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Table V. Effect of sarkosyl on RNA synthesis in erythrocyte nuclei^ 
[3h]UTP Incorporation 
cpm % 
Control 17,300 100 
Sarkosyl 22,300 129 
^Nuclei were incubated for 60 min in a standard transcription assay 
with or without the addition of 0.6% sarkosyl at the start of incubation. 
Characterization of the Nascent Transcripts 
The next step in the analysis was the isolation of in vitro tran­
scription products from erythrocyte nuclei. Eukaryotic cells usually 
produce several major classes of RNA: rRNA and its precursors (which 
are characterized by a few distinct species) and messenger-like RNA 
which is otherwise known as heterogeneous nuclear RNA (because of its 
diversity of species and large size). Previous reports characterizing 
the RNA synthesized by intact erythrocytes have shown patterns charac­
teristic of hnRNA alone (Zentgraf et al., 1975) or hnRNA patterns 
together with distinct peaks for rRNA species (Maclean and Madgwick, 
1973). Because the polymerase activity observed in the isolated nuclei 
was almost exclusively type II, it was of interest to determine the size 
distribution of the transctription products. Routinely, 70-80% of the 
radioactivity incorporated into the erythrocyte nuclei could be recov-
3 
ered by extraction with hot phenol-SDS (Girard, 1967). H-labeled RNA 
isolated in this way was analyzed by polyacrylamide gel electrophoresis. 
As shown in Fig. 4, the population of radiolabeled RNA was heterogeneous 
60 
in size with no distinct peaks. The sizes ranged from greater than 50 S 
down to 5 S as judged by the migration of wheat germ ribosomal RNA mark­
ers . 
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Reaction mixtures contained about 10 nuclei and 25 vCi of [ H]UTP 
(42 Ci/mmol) in a final volume of 1 ml. Incubation was at 26®C for 
30 min after which RNA was isolated (Girard, 1967) and analyzed by 
electrophoresis on 2.4% polyacrylamide gels (Loening, 1967). Samples 
were heated 5 min at 60°C before electrophoresis and wheat germ rRNA 
(0.5-2.5 A260) was run on parallel gels for molecular weight markers 
(arrows). 
3 
Figure 4. Size distribution of H-labeled RNA synthesized in erythrocyte 
nuclei 
61 
RNA processing in erythrocyte nuclei 
Unraveling the processes of eukaryotic mRNA formation has been 
filled with surprises: the transcripts are initially much longer than 
the translated products (Darnell, 1979), unlike the situation in proka-
ryotes; a unique "cap structure" consisting of a methylated guanosine 
residue linked by its 5' phosphate to the 5' terminal residue of the RNA 
chain is added to most if not all transcripts (Shatkin, 1976); adenylic 
acid residues are added to the 3' terminus of the chain to produce a 
poly(A) "tail" (Brawerman, 1981); and the transcripts are reduced in 
size by splicing out internal segments of the chain (introns) to produce 
the specific translated message (Gilbert, 1978; Breathnach and Chambon, 
1981). 
Polyadenylation Zentgraf et al. (1975) have reported that 
18-30% of the RNA synthesized by intact erythrocytes will bind to 
poly(U)-Sepharose, indicating the addition of poly(A) in vivo. Quanti­
tation of this polynucleotidyl transferase activity showed that erythro­
cytes retain 5% of the activity found in erythroblasts (Longacre and 
Rutter, 1977a). Whether the isolated nuclear preparation also retained 
this activity was examined by oligo(dT)-cellulose chromatography. Fig. 
5 illustrates that 15-20% of the nuclear RNA was retained by 
oligo(dT)-cellulose at high ionic strength and was subsequently eluted 
in low salt buffer, suggesting that a similar fraction of these tran­
scripts also contain poly(A). 
5'-Cap addition 5 *-capping activity was monitored by examining 
32 
the incorporation of label from [o- P]GTP into G(5')ppp(5*)N or its 
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Transcription was carried out and RNA was isolated as described 
under Materials and Methods and in the legend to Fig. 6. The sample 
in 0.9 ml was applied to a column (0.5 g dry mass) of oligo(dT)-cellulose 
at room temperature in high salt buffer (10 mM Tris-HCl, pH 7.5; 0.5 M 
KCl) and eluted (arrow) with low salt buffer (10 mM Tris-HCl, pH 7.5) 
essentially as described by Aviv and Leder (1974). The radioactivity 
represents TCA precipitable material (see Materials and Methods). 
Figure 5. Chromatography of ^H-labeled erythrocyte nuclear RNA on 
oligo(dT)-cellulose 
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methylated derivatives which are resistant to RNase A, nuclease PI and 
bacterial alkaline phosphatase. Fig. 6 shows successive stages of 
32 digestion of P-labeled RNA isolated as described in Materials and 
Methods. Lane C shows that a small amount of GTP was retained in the 
RNA sample and obscured the region where the cap structure migrates. 
Extensive phosphatase treatment eliminated this problem (Lane D). 
Nuclease digestion removed most of the high molecular weight material 
that remained at the origin, but after phosphatase digestion none of 
this material co-migrated with the cap marker (Lane E). Thus, under the 
conditions employed, capping at the 5'-end could not be detected. The 
low sensitivity of this assay and the possibility that several methy­
lated species of the cap structure could dilute the detection of any one 
species does not totally rule out the presence of this activity. 
Release of nascent RNA Isolated nuclei from rat liver or KB 
cells have been shown to release mRNA and rRNA upon incubation with ATP 
and cytosol (Schumm et al., 1973; Raskas, 1971; Schumm and Webb, 1974; 
Yu et al., 1972; McNamara et al., 1975). The experiments were usually 
performed by prelabeling RNA in intact cells and then monitoring release 
from isolated nuclei. In the last reference above, isolated nuclei were 
shown to be active for RNA synthesis under the conditions of processing 
and release as worked out previously. In a similar way, the conditions 
for transcription in erythrocyte nuclei were used to determine whether 
newly synthesized RNA was being released. Differences between the 
release assay conditions of McNamara et al. (1975) and the standard 
transcription assay conditions developed here are: the inclusion of 
Figure 6. Analysis of erythrocyte ENA for newly synthesized 5'-cap 
structures 
Nuclei (5x10^) were incubated with 125 yCi of [a-^^P]GTP (>300 Ci/ 
mmol) in a final volume of 1 ml under standard assay conditions. RNA 
was isolated and digested with various nucleases and alkaline phosphatase 
as indicated below. Conditions for enzyme digestion and for electro­
phoresis of the hydrolyzed samples on DE-81 paper are described in 
Materials and Methods. The individual lanes contained: (A) GMP; 
(B) GTP; (C) 32p_iabeled erythrocyte RNA and GpppG; (D) same as C 
digested with bacterial alkaline phosphatase; (E) same as C digested 
with RNase A, nuclease PI, and bacterial alkaline phosphatase; 
(F) GpppG; (G) [a-32p]QYp_ After electrophoresis the paper was anal­
ysed by ultraviolet detection of nulceotides (dotted lines) and auto­
radiography. The film image has been superimposed over the paper. 
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cytosol protein; much lower salt concentrations (including 5 mM or less 
NaCl, Na^PO^, CaClg and spermidine); and higher ATP (2.5 mM) as an 
energy source as well as phosphoenolpyruvate and pyruvate kinase for ATP 
regeneration. 
As noted in Materials and Methods, reticulocyte nuclei can be iso­
lated by saponin lysis in the same way as erythrocyte nuclei. The total 
amount of RNA synthesized by each of these nuclei under conditions max­
imized for erythrocytes is shown in Fig. 7. In addition, that fraction 
of the RNA which was released was readily determined by pelleting the 
nuclei after incubation and removing the supernatant to be counted sepa­
rately. The reticulocyte nuclei released RNA linearly with time. The 
erythrocytes, on the other hand, released no material during the 60 min­
ute incubation although total RNA synthesis in these nuclei was about 
40% of that observed in the reticulocyte preparation. This release does 
not appear to be due to a preferential breakdown of reticulocyte nuclei, 
as the concentration of DNA found in the supernatant after intact nuclei 
are pelleted out remained constant with time in both types of nuclei. 
There are several pieces of data which suggest that the release of 
RNA in reticulocytes is at least partially independent of its synthesis: 
first, synthesis is occurring in erythrocytes without release; second, 
as shown in Fig. 7, RNA synthesis reaches a plateau after 30 min while 
release continues in a linear fashion for at least 60 min; and the 
release of RNA and total transcription responded differently to a change 
in pH as illustrated in Fig. 8. While increasing the pH from 7.4 to 8.4 
rapidly increased transcription, the release of RNA decreased slightly. 
Figure 7. Transcription and transcript release from reticulocyte and 
erythrocyte nuclei 
Nuclei were incubated for the times indicated in a standard tran­
scription mixture. The reaction tubes were immediately placed on ice and 
centrifuged 5 min at 900g and 2®C. The solution was carefully removed 
from the nuclear pellet and applied to a DE-81 filter. The pellets were 
resuspended with 100 yl of 0.3% (w/v) sodium deoxycholate in water, 
sonicated and assayed on DE-81 filters along with the supemates in a 
standard assay. Erythrocyte nuclei are represented by circles, reticulo­
cytes by squares. The open symbols show filter-bound material in the 
supernatant fraction and the closed symbols are the total of nuclear 
material and supernatant. 
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This suggests that RNA processing could represent a major regulatory 
change between the inactive erythrocytes and their active predecessors. 
/ 
Nuclei were incubated for 60 min with 50 mM Tris buffer adjusted to 
the given pH and all other reaction and assay conditions as described in 
the legend to Fig. 7. (•), total RNA synthesis; (O), BNA in post-
nuclear supernatant. 
Figure 8. Effect of pH on RNA synthesis and release in reticulocyte 
nuclei 
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Hybridization analysis of erythrocyte RNA to genomic DNA 
Another characteristic of messenger-like RNA, as synthesized by 
type II polymerases, is its complementarity to DNA sequences which are 
unique within the genome. The uniqueness (or non-repeated nature) of 
these sequences is determined through the use of hybridization kinetics, 
or "C^t curve" analysis. Genomic DNA is sheared, denatured, and allowed 
to reanneal under controlled conditions of temperature and ionic 
strength. The rate of reannealment is dependent on the concentration of 
complementary strands in the sample which depends on the total concen­
tration of DNA (Cg) as well as on how many times that sequence occurs in 
the DNA. By plotting the fraction of sequences which have not annealed 
vs. the product of total DNA concentration and time (C^t), an indication 
of how often a particular sequence is represented in the genome can be 
determined. For chicken DNA, at least two classes of repetition fre­
quency are evident; the moderately repetitive class which is half rean-
nealed at a C^t of about 1.2 M-s (i.e., C^t^ = 1.2) and the nonrepeti-
tive (unique) class which is half reannealed at a C^t of 970 M-s (Epplen 
et al., 1978). 
RNA will also hybridize to the DNA from which it was transcribed 
because it is complementary to one of the strands. If a small quantity 
of highly labeled RNA is incubated with an excess of DNA, the RNA will 
hybridize to its complementary DNA at a rate that is dependent on the 
DNA concentration. Thus, using C^t analysis the frequency class from 
which the tracer RNA was transcribed can be found. This was done for 
RNA synthesized in isolated erythrocyte nuclei, the results of which are 
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shown in Fig. 9. 
Reannealing of the total chicken DNA was analyzed on hydroxyapa-
tite and the experimental points were fit by non-linear least squares 
(Appendix and Table VI). About 20% of the DNA appeared either not to 
dissociate or to reanneal very rapidly. This has been alternatively 
treated in the literature as background (Eden and Hendrick, 1978) or as 
an individual component of the kinetics analysis (Epplen et al., 1978). 
Since even the samples denatured without added salt and frozen immedi­
ately after boiling showed this initial binding, the values were sub­
tracted as background as in the former of the two treatments (Eden and 
Hendrick, 1978). The remainder of the DNA reassociated as two kinetic 
- 1  - 1  - 1  - 1  
components with rate constants of 0.165 M s and 0.0021 M s 
accounting for 10% and 70% of the sequences, respectively. These data 
are similar to results previously reported (Eden and Hendrick, 1978; 
Epplen et al., 1978; Lasky et al., 1978). 
32 
P-labeled RNA transcribed in erythrocyte nuclei was hybridized 
to excess chicken DNA. The results are presented in Fig. 9, where the 
fraction of RNA remaining single stranded was calculated as 
1 - (RNase-resistant cpm/total cpm). Each point is the average of 
duplicate samples and the radioactivity that was resistant to RNase A 
immediately after thermal denaturation (18%) has been subtracted from 
each. The kinetic parameters were obtained by fitting the data to the 
appropriate equation (Davidson, 1976) by least squares analysis (Appen­
dix and Table VI). About 7% of the in vitro transcripts hybridized with 
- 1  - 1  
a rate constant of 0.094 M s and about 36% was driven into hybrid 
Figure 9. Hybridization of erythrocyte nuclear transcripts to excess total chicken DNA 
(•) Reassociation of sheared (average length of 450 nucleotide pairs) total chicken DNA at 
66°C. Salt concentrations between 0.04-0.55 M were used and the equivalent Cgt values calculated 
as described (Britten et al., 1974). Duplicate samples were analyzed by hydroxyapatite 
chromatography, and values have been corrected for 21% double-stranded material observed at zero-
time. (o) Hybridization of 32p-labeled erythrocyte nuclear RNA to chicken DNA. In samples 
Identical to those analyzed for DNA reassociation, the hybridization of tracer RNA was analyzed 
by RNase A digestion. The ratio of RNase-sensitive RNA to total RNA was determined for duplicate 
samples and corrected for 18% RNase-resistant material present at zero-time. The data were computer 
fit (smooth curve) as described in the legend to Table VI and the Appendix. (A) Hybridization of 
32p_iabeled reticulocyte nuclear RNA to chicken DNA. Conditions were identical to erythrocyte but 
corrected for 16% zero-time background. 
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Table VI. Hybridization parameters of chicken DNA and erythrocyte RNA 
as analyzed by least-squares^ 
DNA RNA 
Fraction^ 9.7% 7.3% 
k(h)^ 0.165 0.094 
FractioUg 70.6% 35.6% 
k(h)2 0.0021 0.00022 
Nonhybr id iz ing 19.0% 59.0% 
2 -4 -4 
X 4.22 X 10 4.12 X 10 
^DNA reassociation was modeled by: 
^unhybrid. m 
and RNA hybridization in DNA excess was modeled by: 
ÏÏ • Wrid. 
as described by Davidson (1976). The value for n equals 0.43. 
- 1  - 1  
with a rate constant of 0.00022 M s . About 50% of the labeled RNA 
4 
did not hybridize at the highest C^t tested, 2.5 x 10 M-s. The reasons 
for this are not evident, but similar observations have been previously 
reported (Smith et al., 1974; Holmes and Bonner, 1974). The data indi­
cate that, of the sequences driven into hybrid formation, the majority 
were derived from unique sequence DNA and a smaller, but significant, 
fraction were products of moderately repetitive sequences. 
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Hybridization of nascent transcripts to polysomal cDNA 
Since the erythrocyte nuclei appear to synthesize messenger-like 
RNA but reportedly have little or no cytoplasmic RNA nor carry out pro­
tein synthesis (Zentgraf et al., 1971; Kabat and Attardi, 1967), it was 
of interest to determine whether any of the mRNAs found in reticulocytes 
are transcribed in the erythrocyte nuclei. To investigate this it was 
necessary to synthesize a cDNA complementary to reticulocyte polysomal 
32 
mRNA. This was then hybridized to P-labeled transcripts from erythro­
cyte and reticulocyte nuclei. 
The cDNA was prepared as described in Materials and Methods. Its 
synthesis was dependent on the addition of oligo(dT) primers suggesting 
that only poly(A)-containing molecules were involved as templates. 
Since this template RNA was thought to be polysomal mRNA which report­
edly contains predominantly globin sequences (Lasky et al., 1978), it 
should hybridize with its cDNA at fairly low R^t values. An initial 
hybridization experiment (results not shown) showed that more sequences 
than just the globin mRNAs were present in this RNA. The following 
experiments were performed to clarify the identity of the template RNA. 
Longacre and Rutter (1977b) observed that poly(A)^ mRNA aggregates 
with rRNA when polysomal RNA is extracted with phenol. This caused a 
large amount of rRNA to be retained by oligo(dT)-cellulose and then 
eluted with the mRNA. To determine whether this might have occurred in 
the present study, the polysomal poly(A)^ RNA was analyzed by centrifu-
gation through a sucrose gradient (Fig. lOA). A considerable amount of 
RNA migrated where the 28 S and 18 S rRNAs are presumed to run. The 9 S 
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material was located by comparison to a previous study (Longacre and 
Rutter, 1977b). Because this peak was not resolved from the rest of the 
sample, the peak fractions were recovered and recentrifuged (Fig. lOB). 
No further separation occurred. As a final step to separate rRNA from 9 
S mRNA the pooled RNA from this last centrifugation was heated at 60°C 
for 3 min and applied to an oligo(dT)-cellulose column (Fig. IOC). 
Approximately one-fifth of the RNA bound. 
The cDNA was hybridized to excess RNA using the total polysomal 
poly(A)^ or the purified 9 S poly(A)^ fractions. Fig. 11 demonstrates 
that the cDNA hybridizes to 9 S RNA with a R^t^ of 5.5 x 10 ^ and to 
- 1  
total polysomal RNA with a R^t^ of 1.4 x 10 . Both RNAs protected 
about 30% of the labeled cDNA from digestion by SI. 
These results are consistant with the idea that ribosomal RNA con­
taminated the original mRNA preparation. Purification of the 9 S mater­
ial increased 25-fold the concentration of those sequences which hybri­
dized to the cDNA. This suggests that at least this 30% of the cDNA 
sequences are of high concentration in the original mRNA, and presumably 
globin. The 5.5 x 10 ^  R^t^ value for hybridization of 9 S RNA to cDNA 
-3 is higher than other published values (2.6 x 10 , Longacre and Rutter, 
1977b; 6.5 x 10 Lasky et al., 1978; 3.2 x 10 Knochel et al., 
1979). This could be caused by a persistent rRNA aggregation or by the 
variability noted for this determination among the references cited 
above. It is unclear why only 30% of the cDNA hybridized. It is possi­
ble that the remaining fraction of the cDNA is complementary to a large 
number of RNA sequences which are each present at very low concentra-
Figure 10. Purification of globin mBNA from the polyCA)"*" RNA of 
chicken reticulocyte polysomes 
Poly(A)^ RNA was prepared as described in Materials and Methods. 
All solutions and equipment were autoclaved or treated with 0.1% diethyl 
pyrocarbonate. A, 6 A26O units of this material was applied to a linear 
15-30% sucrose gradient made up in gradient buffer: 10 mM Tris-HCl, pH 
7.4; 20 mM NaCl; and 1 mM EDTA. This was centrifuged for 14.5 h at 
40,000 rpm in a Spinco SW40Ti rotor at 4®C. Samples were Collected in 
approximately 0.5 ml aliquots and the absorbance determined for each at 
260 nm. The three peak tubes of the material sedimenting at 9 S were 
pooled, precipitated with ethanol, and resuspended in 200 yl of gradient 
buffer. B, This peak material was centrifuged and analyzed as in A. 
The entire peak of material was precipitated and resuspended in 400 pi 
of gradient buffer. C, This sample was diluted with an equal volume of 
1 M KCl and applied to a 0.5 ml column of oligo(dT)-cellulose. The column 
was washed with 0.5 M KCl, 10 mM Tris-HCl, pH 7.4 and eluted at the arrow 
with 10 mM Tris-HCl, pH 7.4. 
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%-labeled cDNA, prepared from total polysomal poly(A)+ RNA as 
described in Materials and Methods, was incubated with total polysomal 
poly (A)"*" RNA (•) or purified 9 S KNA from the poly (A)"*" material of 
Fig. IOC (•). Equivalent Rgt values were obtained using 0.5 or 10 uM 
KNA, incubation times from 2 min to 12 h, and corrections for salt 
concentrations as previously described (Britten et al., 1974). Hybrid­
ization conditions and analysis by SI digestion were according to 
Longacre and Rutter (1977b). 130 Sigma units of SI nuclease were used 
per 1 ml for each assay . 
Figure 11. Hybridization of reticulocyte polysomal cDNA to excess 
total polysomal and purified globin RNA 
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tions. Alternatively, the 30% could represent the majority of sequences 
and only the method of detection is limiting the total hybrids detected. 
A similar incomplete hybridization was seen above for nascent tran­
scripts to genomic DNA and also in a control experiment, where native 
and denatured DNA from a cloned plasmid were assayed using the same con­
ditions for SI digestion. The RNA therefore appears to be representa­
tive of reticulocyte cytoplamic sequences and at least 30% of the cDNA 
synthesized from it appears to be globin sequences. 
The cDNA probe was hybridized to transcripts from both erythro­
cytes and reticulocytes to provide a comparison between active and inac­
tive nuclei. The reticulocyte products were 99% sensitive to RNase A 
and appeared to be predominantly synthesized from unique sequences as 
judged by hybridization kinetics (Fig. 9, see triangles), so in these 
ways the nuclear transcripts are similar. As shown in Table VII, the 
polysomal cDNA protected about 1% of the erythrocyte nuclear RNA from 
digestion by RNase A. This was not a statistically significant change 
from zero-time values and was also roughly the same as values obtained 
when either erythrocyte or reticulocyte RNA was incubated without cDNA 
(data not shown). In contrast, the cDNA rendered about 8% of reticulo­
cyte nuclear transcripts resistant to RNase A, and this value was sig­
nificant at the 95% confidence level. 
Due to the small quantity of nuclear RNA it was necessary to add 
carrier RNA during the isolation procedure. Therefore, it was not pos­
sible to determine directly the RNA concentrations of the hybridization 
reaction. Using published values for nuclear RNA concentration, the 
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Table VII. Hybridization of nuclear transcripts to DNA complementary 
to reticulocyte polysomal poly(A)-containing RNA^ 
Source of 
32p_iabeled RNA 
Fraction of label digested by RNase A 
0 hours 22.5 hours 
Reticulocyte 
Erythrocyte 
0.846 + 0.001 
0.840 + 0.025 
0.767 + 0.025* 
0.830 + 0.010** 
RNA synthesis was carried out in standard reaction mixtures (1 ml) 
containing 5 x 10^ nuclei from erythrocytes or reticulocytes and 125 iiCi 
of [a-32p]GTP. Incubation was for 60 min at 26®C. Total nuclear RNA was 
isolated and hybridized to cDNA prepared from reticulocyte polysomal 
poly(A)-containing RNA as described under Materials and Methods. 
Hybridization was carried out for the indicated times at 66°C in 0.55 M 
phosphate buffer (pH 6.8) with attainment of an equivalent Cot of 10. 
Protection of the 32p-iabeled RNA by unlabeled cDNA was determined by 
digestion with RNase A (Materials and Methods). 
* p 0.005. 
**p 0.5. 
number of nuclei in the isolation procedure, and the fraction of the 
total RNA in each sample, the ratio of cDNA to RNA was calculated to be 
around 10 to 1. The cDNA does not appear to be limiting, however, since 
samples containing half the amount of RNA gave hybridization values not 
significantly different from those shown. The actual values of the 
hybridization may be slightly underestimated due to concentration 
effects, but the difference between erythrocyte and reticulocyte should 
remain significant. 
Uptake of Proteins by HeLa and Erythrocyte Nuclei 
One of the main interests in erythrocyte nuclei has been their 
inactive state with regard to transciption. Of even more interest is 
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the reactivation of RNA synthesis in such nuclei after fusion of 
erythrocytes with mammalian cells (Ringertz and Savage, 1974). An 
understanding of this regulation must consider the previous condition 
and the major changes in the erythrocyte nucleus. Reactivation in het-
erokaryons is preceded by the influx of mammalian proteins and the con­
comitant swelling of the erythrocyte nucleus. The predominance of the 
non-histone chromosomal proteins in these proteins strongly implicates 
them in the control of transcription (Appels et al., 1974a). Further­
more, the general occurrence of protein migration between nucleus and 
cytoplasm suggests an important role for this process (Goldstein, 1974). 
To prepare the isolated erythrocyte nuclei for reactivation stud­
ies, it was necessary to find conditions under which proteins would 
migrate into the nucleus. Cox (1982) has developed an in vitro assay 
for protein uptake into HeLa nuclei. The concentrations of various ions 
and pH were shown to have a marked effect on protein uptake. Erythro­
cyte nuclei respond to changes of ion concentration by swelling or con­
densing under different conditions (Leake et al., 1972). These changes 
in size were considered to be related to the swelling seen in heteroka-
ryons and also associated with protein uptake. The effect of these con­
ditions on protein uptake into saponin-lysed erythrocytes was tested in 
comparison to HeLa nuclei using the method of Cox (1982). Proteins from 
the post-ribosomal supernatant of rabbit liver homogenates, which were 
3 labeled with [ H]formaldehyde as described in Materials and Methods, 
served as substrate. 
+2 +2 
Increasing Mg and Mn ion concentrations increased protein 
Figure 12. Effects of cation concentrations and pH on uptake by 
erythrocyte and HeLa nuclei of %-labeled proteins from 
rabbit liver cytoplasm 
Erythrocyte (closed symbols) and HeLa (open symbols) nuclei prepared 
by the acid-detergent method were incubated with ^H-labeled protein 
prepared as described in Materials and Methods. The incubation mixture 
of 0.5 ml contained nuclei equivalent to 100 vg of DNA, 100 yg of labeled 
protein, 0.25 M sucrose, 0.3 mM CaCl2, 50 mM buffer (in A, B, & D this is 
Tris-HCl, pH 7.0), and in (A) the indicated Mg concentration, (B) the 
incidated Mn concentration, (C) the indicated pH with glycine (#,0), 
acetate (A,A) or Tris (•,•) as buffer and with 5 mM Mg, and (D) the 
indicated KCl concentration with 5 mM Mg. Incubations were as 37®C for 
30 min and the assay was by centrifugation through sucrose as described 
in Materials and Methods. Specific activity of the rabbit liver proteins 
was 500 cpm/pg for (A-C) and 250 cpm/wg for (D). 
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uptake sharply as concentrations rose from near zero to a plateau at 2.5 
mM (Fig. 12A,B). The lowest values tested contained 0.15 mM MgCl^ and 
0.3 mM CaClg from the nuclei storage buffer. Protein uptake at the pla-
+2 +2 
teau was about 2-fold greater with Mn ions than with Mg ions. The 
strong effect of these ions may be due to their interaction with DNA or 
chromatin or possibly their requirement in nucleotidase type activity in 
energy requiring reactions. 
The pH has a marked effect on nuclear protein uptake as indicated 
in Fig. 12C. Maximum uptake occurred at pH 5 with the activity falling 
off rapidly on either side. The value at neutral pH was only one-sixth 
that of the maximum. The effect of monovalent cations (K"*") has an 
effect opposite to that of the divalent cations. As shown in Fig. 12D, 
increasing KCl concentrations decreased the protein retention to almost 
zero at 150 mM. These results suggest that the ionic environment has an 
important role in protein uptake. The role does not appear to be a sim­
ple swelling-condensâtion effect as suggested by Leake et al. (1972) as 
decreasing the pH from neutrality to pH 5 and increasing KCl concentra­
tion both condense erythrocyte nuclei while these changes, respectively, 
increase and decrease protein uptake. 
The data presented in Fig. 13A show that protein uptake at 37°C 
proceeded at a constant rate for at least 30 min before declining. Lit­
tle if any activity was present at 0°C under the same conditions. The 
amount of protein accumulated in 30 min was dependent on the amount of 
DNA present in the incubation (Fig. 13B). This relationship was the 
same for DNA in the form of either erythrocyte or HeLa nuclei, although 
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Nuclei prepared by the acid-detergent method were incubated in 0.25 M 
sucrose, 5 mM MgCl2, 50 mM Tris-HCl (pH 7.0) and a total volume of 0.5 ml 
with the following individual conditions. (A) Erythrocyte nuclei 
(100 yg DNA) weie incubated for the indicated time at either 0°C (•) 
or 37°C (•) with 100 pg ^H-protein (250 cpm/yg protein). (B) Erythrocyte 
(•) and HeLa (O) nuclei were incubated for 30 min at 37°C with nuclei 
equivalent to the indicated amount of DNA. ^H-protein was 45 yg/assay 
with a specific activity of 1460 cpm/vg. Assayed as in Materials and 
Methods and as legend to Fig. 12. 
Figure 13. Effects of time and nuclei DNA concentrations on uptake of 
proteins 
there are eight times as many erythrocyte as HeLa nuclei per unit mass 
of DNA. The proteins may bind to naked DNA, as uptake of proteins in 
both nuclei could be decreased by the addition of increasing amounts of 
purified calf thymus DNA to incubation mixtures (results not shown). 
When the DNA concentration experiment was repeated with one-half the 
amount of labeled protein, the total uptake was decreased by 50% at each 
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DNA concentration (results not shown). 
+2 
The conditions for maximal uptake of these proteins are 5 mM Mg 
+2 
and/or Mn , low KCl, and pH lower than 7. These conditions are the 
same for erythrocyte and HeLa nuclei in this study and are very similar 
to conditions for HeLa nuclei described by Cox (1982). These conditions 
are not directly compatable with the transcription conditions as worked 
out for erythrocyte nuclei. 
Effect of Exogenous Extracts on RNA Synthesis 
A number of cell extracts were screened for their ability to stim­
ulate transcription in the erythrocyte nuclei. Two protocols were 
developed to achieve the best preincubation conditions for protein 
uptake and then switch to the optimum transcription conditions for the 
3 
assay of [ H]UTP incorporation. The first method was a modification of 
that of Maclean et al., (1973) in which the nuclei were incubated with 
extracts, centrifuged out of the preincubation buffer, washed, and then 
resuspended in transcription buffer. This effectively removed all 
exogenous material not taken up by the nuclei from the reaction before 
assaying. The second method uses approximately the same incubation with 
extracts but in a slightly reduced volume. After incubation, an aliquot 
of a premix containing nucleotides and salts is added, bringing the vol­
ume and contents up to the standard assay conditions. In this procedure 
the exogenous extracts remain in contact with the nuclei throughout the 
transcription assay. 
Table VIII summarizes experiments involving a variety of tissue 
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Table VIII. Effect of exogenous extracts on RNA synthesis in erythrocyte 
nuclei^ 
Extracts 
Source Conditions of Extraction Relative [ H]UTP 
Incorporation 
HeLa Nuclei 
Chicken Reticulocytes 
Nuclei 
Cytoplasm 
Rabbit Liver 
Cytoplasm 
Reticulocyte 
Ribosomes 
0.25 N HCl 
0.14 M NaCl 
0.35 M NaCl 
HCl + NaCl 
0.35 M KCl 
pH 8.5 
0.5 M KCl wash 0.5 mg/ml 
2 mg/ml 
1.1" 
0.9^ 
i.of 
1.5^, 1.2^ 
0.6, 0.8, 1.1 
0 .8  
1.1^, 0.9 
0.9 
1.1 
1.4 
^Erythrocyte nuclei isolated by the saponin lysis method were incubated 
with extracts from the given sources using extraction conditions as shown 
(see Materials and Methods for further details of extractions). The nuclei 
were preincubated for 15 min with each extract at 26®C and then incubated 
(30 min ) and assayed as per the standard transcription assay. The values 
shown are the ratios of UTP incorporation by nuclei which were preincubated 
with extracts to controls which are preincubated with an equivalent buffer 
without proteins. Two techniques were used to correct preincubation buffer 
conditions to standard assay conditions. Those values marked with a "c" are 
from nuclei centrifuged out of the preincubation buffer: 0.25 M sucrose; 
5 mM MgCl2, 5 mM MnCl2; 25 mM KCl; 15 mM Tris (pH 7.4); 7.5 mg/ml of 
extract proteins and 5 x 10^ nuclei/ml. The nuclei are washed with erythro­
cyte nuclei buffer, resuspended in this buffer at lO^/ml and assayed the 
same as non-treated. The unmarked values are from samples preincubated in: 
0.25 M sucrose; 0.125 M KCl; 50 mM Tris (pH 7.4); 5 mM MgCl2; about 1 mg/ml 
of extract protein and 0.7 x 10^ nuclei/ml in a total volume of 150 yl. At 
the end of preincubation all components needed to bring the sample to 
standard assay conditions were added in 50 yl solution and incubation was 
continued. The HCl + NaCl entries contained half aliquots from the 0.25 N 
HCl and 0.14 M NaCl extraction samples. The ribosomal high salt wash 
samples were preincubated at the two protein concentrations shown. 
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sources and extraction conditions. In general, transcription levels 
were little changed by any of the extracts. Those which showed the 
greatest differences from buffer control levels were the combination of 
HCl and NaCl extracts from HeLa nuclei (1.2-1.5) and the high salt wash 
fraction from rabbit reticulocyte ribosomes (1.4-1.8). However, consid­
erable variability was noted within the experiments using HeLa extracts. 
Duplicate samples showed one high and one control level value in each 
case, making the results somewhat questionable. 
The ribosomal high salt wash fraction shows some possiblility for 
future study. The 40 percent increase in incorporation is manifest by 
an increase of label present in the supernatant after nuclei are centri-
fuged out. This suggests a connection between processing and expression 
levels but these results do not allow further elaboration. The impor­
tance of correct controls must be considered in these experiments. For 
example, nuclei incubated with reticulocyte nuclear extracts showed a 
several-fold increase in filter-bound label, but an extract incubated 
without nuclei showed a similar increase. 
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DISCUSSION 
The results presented above show that chicken erythrocyte nuclei, 
as isolated by saponin lysis, synthesize a significant amount of RNA and 
that this RNA is predominantly messenger-like. This is shown by: a) 
sensitivity of the synthesis to low concentrations of o-amanitin; b) 
maximal synthesis in high salt and in the presence of manganese ions; 
c) heterogeneous size distribution of the transcripts; d) hybridization 
of the transcripts with unique sequence DNA; and e) the presence of 
polyCA) tails as indicated by binding of the transcripts to 
oligo(dT)-cellulose. The optimum conditions for synthesis are charac­
teristic of those for RNA polymerase II and the in vitro product has 
several properties expected of nuclear pre-mRNA. Still, some properties 
of transcription in isolated erythrocyte nuclei are not as would be 
expected from previous studies on intact cells and purified polymerases. 
These differences, for the specific results listed above, are dealt with 
in more detail in the following sections. 
o-Amanitin and Ion Effects on Nuclear Polymerases 
a-Amanitin sensitivity and maximal synthesis in high salt are 
classical characteristics of eukaryotic RNA polymerase II (Chambon, 
1974; Roeder, 1976; Lewis and Burgess, 1982). Another characteristic of 
+2 +2 
these enzymes is a preference for Mn over Mg ions. Because saponin-
+2 
prepared nuclei showed an inhibition of RNA synthesis when the Mn con-
+2 
centration was greater than that of Mg (despite showing a-amanitin 
sensitivity and a high salt maximum), the questions of which enzyme(s) 
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is present and whether the assay conditions are appropriate need to be 
discussed further. 
It should first be noted that isolated chicken polymerase II has the 
distinguishing characteristics noted above (van der Westhuyzen et al., 
+2 
1973). This includes a 4-fold greater rate of synthesis with Mn ions 
+2 
at 2 mM than with Mg ions at 6 mM; which were the maxima for each ion 
respectively. Thus, maximal RNA synthesis in isolated erythrocyte nuc­
lei occurs under conditions different from those for isolated chicken 
polymerase II. 
Since other animal nuclei show ionic optima similar to the eryth­
rocytes (Zylber and Penman, 1971; Busiello and diGirolamo, 1975; Marz-
luff et al., 1973), the difference in synthesis must be related to the 
differences between nuclear chromatin and the naked DNA used in isolated 
polymerase assays. Support for this is seen in several lines of 
research. Supercoiled SV40 DNA is transcribed 100-times more effi­
ciently than closed circular DNA by wheat germ polymerase II (Dynan and 
Burgess, 1981). In addition, transcription by calf thymus polymerase B 
(II) of these forms of viral DNA (Mandel and Chambon, 1974) and also 
native and denatured calf thymus DNA (Gissenger et al., 1974) showed 
significant changes in divalent cation stimulation for the different 
templates used. Thus, the configuration of the template determines both 
how effectively polymerases interact with the template and how divalent 
+2 +2 
cations affect this interaction. Both Mg and Mn have a helix-stabi-
lizing effect in their interaction with the phosphate groups of nucleo-
+2 
side residues. In addition, Mn interacts with guanosine residues in 
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double-stranded DNA and destabilizes the helix (Eichorn and Shin, 1968; 
Swarminathan and Sundaralingam, 1979). It is therefore not surprising 
+2 
that Mn can have the sharp stimulatory effect seen for polymerase II 
in isolated DNA. In nuclear chromatin the protein-DNA interactions are 
responsible for the conformation of DNA and the destabilization effects 
+2 
of Mn would be less important. Polymerase II activity could then be 
+2 
expressed without requiring the addition of a lot of Mn and in fact 
+2 increasing Mn concentration could interfere with the protein-DNA 
interaction and inhibit synthesis as seen in Fig. 2D. 
Secondly, note that in vitro transcription of isolated genes 
+2 
exhibits a similar inhibition by Mn when the Ad2 late genes and mouse 
B-globin gene are transcribed with purified polymerase II (Luse and Roe-
der, 1980; Weil et al., 1979)! Although the isolated gene system does 
not contain histones and hence no nucleosome structure, this DNA is com-
plexed with protein and thereby might react to divalent ions as do the 
nuclear systems. There are also different Mg^^ ion optima for "spe­
cific" and "general" transcription. A specific gene in Ad2 was tran-
+2 
scribed optimally at 6 mM Mg whereas total transcription of the DNA 
+2 
fragment was increasing at the lowest Mg concentration tested (approx. 
2 mM; Weil et al., 1979). 
Finally, high levels of manganese are not physiological (Smeyors-
Verbeke et al., 1977). Therefore, the effects of divalent cations 
observed in this study do not contradict the conclusion of a predominant 
polymerase II activity in erythrocyte nuclei but more likely reflect a 
more physiological condition for this activity. At the same time, it is 
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important to remember the effects of these ions when further analyses 
are done. Because manganese is present at only trace levels in most 
tissues, the question of whether to include it at all can be raised. 
The possible loss of this ion during isolation from some of the nuclear 
enzymes could explain its slight stimulatory effect and makes its inclu­
sion desirable. 
Other components of the nuclear transcription reaction mixture are 
in agreement with those from isolated polymerase assays. These include 
nucleoside triphosphate levels, the pH, and inclusion of a mild sulfhy-
dral (reducing) reagent. Unlabeled ATP, CTP, and GTP were included at 
100 vM compared to values of 70, 20, and 80 iiM, respectively, which 
were determined for the isolated polymerase (Chambon, 1974). Labeled 
UTP is at considerably less than maximal concentrations (0.7 yM, com­
pared to of 20 vM) but the addition of unlabeled UTP, while increas­
ing total UTP incorporation, reduced radiolabel incorporation and there-
32 fore was not added in further experiments. P-labeled nucleotides 
could be used effectively to increase both concentration of the labeled 
nucleotide and incorporation. The pH 7.4 buffers used in these reac­
tions is within the pH 7 to 8 range for maximal synthesis with isolated 
polymerases. 
McNamara et al. (1975) question the validity of using high concen­
trations of salt in isolated nuclei for the stimulation of polymerase 
II. They suggest that cytoplasmic proteins be included to maintain 
physiological conditions, but the erythrocyte contains little cyto­
plasmic material other than hemoglobin. The KCl concentration selected 
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for use in isolated erythrocyte nuclei was equal to that present in the 
nuclei of intact erythrocytes as shown by X-ray microprobe analysis 
(Jones et al., 1979). 
Thus, the general conditions worked out for synthesis in the iso­
lated nuclear system appear to be appropriate for a modeling of the 
intact erythrocyte. The conditions are optimal for the 
a-amanitin-sensitive polymerase II activity known to predominate in 
these cells. The presence of other polymerases has not been totally 
ruled out but salt concentrations would tend to decrease any polymerase 
I activity. Neither type I nor type III appear to contribute more than 
5% of the total activity seen in the a-amanitin curve (Fig. 3). 
Heterogeneous RNA Size Distribution 
Long before introns and splicing were discovered, it was demon­
strated that nascent RNA from erythroid cells has a heterogeneous size 
distribution (Attardi et al., 1966; Scherrer et al., 1966). The precur­
sor relationship of this RNA to mRNA has since been demonstrated (Mac-
naughton et al., 1974; Bastos and Aviv, 1977). Zentgraf et al. (1975) 
show that intact erythrocytes had a similar size distribution of nascent 
RNA with no predominance of distinct RNA species. On the other hand, 
Maclean and Madgwick (1973) observed a broad range of RNA sizes includ­
ing distinct species where 45 S, 28 S, 18 S and 5 S rRNA, 4 S tRNA, and 
9 S globin mRNA should migrate. Reasons for these discrepancies are 
unclear. The differences may result from the extended incubation time 
used in the latter experiment (3-24 h), as compared to 30 min for the 
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experiments of Zentgraf et al. (1975) and 2 h for those of Attardi et 
al. (1970). It is possible that rRNA synthesis is still occurring at a 
very low level in the mature cell, and if these RNAs are turned over 
more slowly than the heterogeneous nuclear RNA, they could accumulate 
over time to a significant level. The gel pattern presented in Fig. 4 
(above) is indicative of heterogeneous RNA and does not contain promi­
nent rRNA peaks. The radiolabeled product was extracted from nuclei 
after a 30 min incubation. In other experiments when incubation was 
extended to 60 min, the gel pattern was shifted toward the region of 
lower molecular weights but still contained no rRNA peaks (data not pre­
sented). Attardi et al. (1970) detected newly synthesized rRNA 
sequences in erythroid cells from earlier stages of maturation but not 
in the mature forms. The polymerase II type synthesis remains the only 
activity of consequence at short incubation times. 
Unique and Repetitive Sequences 
As expected for products of polymerase II, the majority of the 
nascent RNA from erythrocyte nuclei that hybridized to chicken DNA did 
so at high C^t values (Fig. 9), indicative of unique sequence tran­
scripts. This RNA, together with the significant fraction hybridizing 
as repetitive sequences, accounts for less than 50% of the radiolabeled 
RNA. Questions arise as to whether or not these values are representa­
tive of the total transcripts and what significance the repetitive 
sequences have. 
There are several factors that could explain the apparent incom­
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plete hybridization. First, the slower rate of DNA/RNA hybridization as 
opposed to DNA/DNA reannealing could mean that the reaction with RNA is 
not completed at log C^t 4.35, which was the last assay point of this 
experiment (Fig. 9, Table VI). Second, the analysis by RNase means that 
any RNA nucleotides that stick over the ends of the complementary 
sheared DNA will not be counted as hybrids. This effect is dependent on 
the ratio of DNA to RNA in the reaction. Third, it has been shown that, 
the higher the DNA/RNA ratio, the more equivalent DNA sequences will be 
available to cover all the nucleotides of an RNA molecule (Smith et al., 
1974). Because of the very low level of RNA synthesis that occurred in 
the erythrocyte, there was very little incorporation of radiolabeled 
precursors. This required the inclusion of a lot of RNA to obtain 
enough radioactivity to assay the hybridization. By calculating the 
total possible amount of RNA in each sample from the number of nuclei 
used and the amount of RNA per nucleus (0.04 pg RNA/nucleus; Zentgraf et 
al., 1975), the minimum DNA/RNA ratio was 200-2000. When compared to 
the hybridization values of Smith et al. (1974) for sea urchin hnRNA, 
the values of 200-2000 would cause approximately 60% of the hybridiza­
tion that they observed at much higher ratios. 
A combination of these factors would suggest that the 45% hybridi­
zation observed accounts for the majority of the synthesis. Because the 
repetitive nature of the lower C^t material increases their DNA concen­
tration in the assay, the effect due to DNA/RNA ratios would be less for 
these sequences than for the unique sequences. Similarly, the detection 
of unique sequences will be decreased if the time of hybridization is 
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not long enough, while the detection of repetitive sequences could be 
unaffected at these shorter times. Therefore, the 7% value for repeti­
tive sequences is probably an upper limit whereas the 37% for unique 
sequences is a minimum value for their occurrence. 
The genes for ribosomal RNA are not the only moderately repetitive 
elements in eukaryotic DNA. In fact, the non-ribosomal repetitive 
sequences appear to be a common feature of the eukaryotic genome (David­
son et al., 1975). • The chicken genome is somewhat unusual, having a 
very low percentage of repetitive sequences which are dispersed among 
fairly long unique sequences (Eden and Hendrick, 1978). Some under­
standing of the organization of these sequences has been gained through 
cloning techniques, and it has been shown that a complex network of dif­
ferent repetitive elements occurs within the gene domains (Eden et al., 
1980; Eden, 1980). In addition, repetitive elements have been observed 
in the sequenced region of globin genes in chickens (Wood et al., 1981), 
in humans (Shen and Maniatis, 1980), and in rabbits (Fritsch, et al., 
1980). Hence, it appears that long transcripts from contiguous pieces 
of DNA could contain repetitive as well as unique sequences. This would 
be consistent with the occurrence of these elements in nascent erythro­
cyte transcripts. Evidence for the relative expression of unique and 
repetitive sequences from the globin gene region has been published. 
Landes et al. (1982) observed in a study of hemoglobin switching that 
the expression of specific repetitive sequences is dependent on cell 
type. In the study by Wood et al. (1981), RNA from erythrocyte cyto­
plasm was shown to contain very few unique globin sequences, but con­
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tained a significantly greater number of sequences from the repetitive 
region. RNA from reticulocyte cytoplasm contained sequences from both 
unique and repetitive regions. Determining the importance of these 
changes remains an active area of research at the present time. 
Processing of Transcripts 
RNA processing apparently occurs in a series of steps over a con­
siderable period of time (Darnell, 1982). Therefore, RNA will be in 
various stages of synthesis and processing when nuclei are isolated. 
Since all isolation procedures were carried out at 0-4°C, little if any 
synthesis occurred during this time. 
The conditions for nuclear isolation, however, have a significant 
effect on transcription as seen for divalent cations in Table I. 
Despite this effect, the nuclei as isolated in this study appear to con­
tinue RNA synthesis and processing upon incubation in vitro. Although 
polyadenylation was the most clear cut evidence of processing observed, 
5'-capping and nuclear transport are also addressed. 
\Vhether reinitiation by type II polymerases occurs within isolated 
nuclei incubated at high salt concentrations is uncertain (Bitter and 
Roeder, 1978; Gilboa et al., 1977). This would have a direct bearing on 
cap synthesis because capping appears to occur very shortly after the 5' 
end of an RNA molecule is synthesized (Darnell, 1982). If no new initi­
ation occurred in vitro, it would be expected that all 5' ends would 
already be capped and no radiolabeled GTP would be incorporated. Thus, 
capping enzymes could be intact but undetected in this in vitro system. 
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A procedure which does not rely on radiolabel incorporation could 
theoretically be used to detect cap structures but the low RNA content 
of erythrocytes would make this difficult. 
The detection of poly(A)-containing RNA in vitro is dependent on 
the processing of chains completed after nuclear isolation, in contrast 
to the capping proposed to occur before isolation. This is true because 
only transcription elongation, and not polyadenylation, can incorporate 
the radiolabeled UTP precursors. Then polyadenylation occurs but only 
on the completed 3' end of the RNA. Therefore, the isolated nuclei must 
contain the polyadenylation enzymes. Furthermore, detection of this 
activity in the isolated erythrocyte nuclei (Fig. 5) suggests that this 
newly synthesized RNA is competent for polyadenylation. 
HnRNA, observed to be the major product in isolated erythrocyte 
nuclei, has as a subset those sequences which eventually become mRNA. 
When nascent transcripts were tested for the presence of cytoplasmic 
sequences, reticulocytes showed significant complementarity (9%) while 
erythrocytes showed little or none (Table VII). Ross et al. (1982) 
observed that only 0.2% of the total RNA in reticulocyte nuclei are of 
globin sequences. How could these sequences then account for more than 
10 times this amount in the isolated reticulocyte nuclei? Cytoplasmic 
RNA is much more stable than nuclear RNA. Globin sequences are known to 
selectively accumulate in the cytoplasm of reticulocytes (Lasky et al., 
1978). Unlike the reticulocyte, the erythrocyte has very little cyto­
plasmic RNA, and protein synthesis is minimal (Zentgraf et al., 1971; 
Kabat and Attardi, 1967). Therefore, it might be expected that very 
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little transport of RNA occurs in erythrocytes. This is supported by 
the data presented in Fig. 7. Reticulocyte nuclei released RNA linearly 
for 60 min while erythrocytes nuclei released none. Thus, although 
these cytoplasmic sequences account for less than one percent of the 
total synthesis, they can accumulate to represent a significant amount 
of the total cellular RNA. After 20 min, the cytoplasmic sequences 
accumulated to between 2 and 10% of the total synthesis (Tobin et al., 
1978). This is consistent with both the release and cDNA hybridization 
values shown above. Hence, the different amounts of polysomal sequences 
detected can be explained by release of these specific sequences from 
the nucleus in reticulocytes while very little release occurs in eryth­
rocytes. The nuclei of reticulocytes and presumably also erythrocytes 
contain a fairly high number of RNA products having a complexity of 
about 5 X 10^ nucleotides as compared to 1700 nucleotides for the cyto­
plasmic mRNA (Lasky et al., 1978). Selective release of RNA to the 
cytoplasm appears to be an important regulatory event in erythroid 
cells. 
Comparison to In Vivo 
RNA synthesis in the saponin-lysed erythrocyte nuclei compares 
favorably to what is known about in vivo RNA synthesis in erythrocytes. 
From sensitivity to a-amanitin (Fig. 3; Zentgraf et al., 1975; Longacre 
and Rutter, 1977a), through heterogeneous size distribution of the tran­
scripts (Fig. 4; Attardi et al., 1970; Zentgraf et al., 1975), to an 
equivalent poly(A) component (Fig. 5; Zentgraf et al., 1975), the iso­
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lated nuclei appear to model the intact system. 
In a larger context, the isolated nuclei model the RNA polymerase 
II, unique sequence type of synthesis which is of considerable impor­
tance in the expression of eukaryotic genes. Because these nuclei have 
exclusively this synthesis, the observance of processing, the presence 
of repetitive sequences in the nascent transcripts, and other regulation 
points suggest a further relevance of this system to those studies. 
The isolated erythrocyte nuclear system was developed with the 
intent of modeling the reactivation events observed in heterokaryons. 
Many of the characteristics noted above for the isolated nuclei have 
relevance for an understanding of reactivation and some ideas have been 
further developed below. 
Protein Uptake 
As mentioned in the results section, protein uptake is an impor­
tant step in preparing for reactivation. The results presented above 
show that protein uptake into isolated HeLa and erythrocyte nuclei is 
dependent on the amount of DNA present as well as on the concentrations 
of ions. Furthermore, because HeLa and erythrocyte nuclei gave equiva­
lent values for uptake at the same DNA concentration, some implications 
can be drawn for the mechansims of protein uptake. 
Consider the following comparison of erythrocyte to HeLa nuclei. 
Erythrocytes have one-eighth the DNA per nucleus, they have one-23rd the 
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nuclear volume, and one-19th the nuclear surface area.^ In addition, the 
nuclear pore density is greatly reduced in erythrocytes (Zentgraf et 
al., 1971; Franke and Scheer, 1974), making the relative number of pores 
even less than the surface area differences between the two. Despite 
these differences, protein uptake per mass of DMA is equivalent for HeLa 
and erythrocyte nuclei under the conditions tested. Thus, DNA seques­
tering appears to play a dominant role in protein uptake. Feldherr and 
Pomerantz (1978) and Cox (1982) also suggest that binding to something 
in the nucleoplasm is responsible for the observed uptake. 
Protein uptake was most sensitive to changes in divalent cation 
concentrations. This is similar to that noted above for polymerase 
+2 
interaction with chromatin. Mn causes a change in template binding 
for polymerases and also for restriction endonucleases (Mandel and Cham-
bon, 1974; Gissenger et al., 1974; Hsu and Berg, 1978). This suggests 
+2 
that greater changes in chromatin configuration, induced by Mn as 
+2 
opposed to Mg , could cause a different interaction of protein with DNA 
+2 
and hence an increased uptake of proteins with Mn . The only differ­
ence noted between the two types of nuclei was seen in their response to 
+2 +2 
Mg . and Mn (Fig. 12A,B), where the increase in uptake was sharper for 
erythrocytes than for HeLa. An interaction of these ions with DNA which 
is in different protein complexes can explain how proteins would bind 
differently. 
^ Nuclear volume and surface area were calculated for HeLa using 
equations for a sphere and the volume given by Cox (1982) and for eryth­
rocytes using equations for a prolate spheroid and the dimensions for 
erythrocyte nuclei given by Ringertz and Bolund (1974). 
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Leake et al. (1972) suggest that nuclear swelling at low ionic 
strength may be necessary for the influx of proteins and may contribute 
to the increased size of reactivating nuclei. The results presented in 
this thesis, however, suggest that a simple swelling phenomena cannot 
+2 +2 
totally account for the nuclear uptake of proteins since Mg , Mn , and 
pH increase uptake under the conditions previously shown to enhance 
nuclear condensation, while KCl also causes condensation but inhibits 
uptake. The effect of pH could be on protein binding, changing the con­
figuration of either DNA-chromatin or the cytosol proteins. Increasing 
ion concentration could restrict the interaction between cytosol pro­
teins and DNA-chromatin. The K"*" increase could cause an increased rig­
idity of proteins, inhibiting binding site recognition, or the electros­
tatic interaction between the charged macromolecules could be shielded. 
Model System for the Study of Reactivation 
A valuable aspect of the isolated erythrocyte nuclei system is its 
ability to model the reactivation events observed for heterokaryons con­
taining nuclei from erythrocytes and mammalian cells. Since erythrocyte 
nuclei in heterokaryons can regain their capacity for RNA synthesis, the 
conditions necessary for the processes of reactivation are present in 
these cell hybrids. 
Theoretically, to assay reactivation, at least the following set 
of requirements must be met. First, the components needed for reactiva­
tion must enter the nucleus. The main class of proteins implicated in 
this event in heterokaryons are the non-histone chromosomal proteins. 
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although some mammalian histones are also found in reactivated 
erythrocytes (Appels et al., 1974a,b). The requisite proteins need not 
be of nuclear origin, as fusion with enucleated cells also stimulates 
RNA synthesis in erythrocyte nuclei (Ege et al., 1975). In Table VIII, 
a number of extracts were tested for their ability to reactivate iso­
lated erythrocyte nuclei. The rationale- for the use of most of these 
was the replenishing of NHCPs to the inactive nuclei. The cytoplasmic 
extracts would theoretically contain some of these components and rodent 
liver extracts were observed to reactivate Xenopus erythrocyte nuclei 
(Maclean and Hilder, 1977). In general, the extracts did not signifi­
cantly stimulate RNA synthesis in chicken erythrocyte nuclei. 
Second, conditions must be correct for transcription. Because the 
immediate environment of the erythrocyte nucleus in heterokaryons and in 
intact erythrocytes is not well defined, it is difficult to reproduce 
these conditions for isolated nuclei. Despite this, since the RNA 
synthesis observed in isolated erythrocyte nuclei is similar to that 
seen for intact erythrocytes and also to the initial synthesis observed 
in reactivated erythrocytes (i.e., messenger-like synthesis), an approx­
imate reproduction of the in vivo conditions can be assumed for isolated 
nuclei. Some of the uncertainty in this reproduction of conditions is 
due to the changes in transcription maxima which are inherent in the 
nuclear isolation procedure; striving for maximal synthesis was followed 
for good or bad. From this, conditions for synthesis were achieved 
which are relatively physiological and are a best first guess. 
A direct result of the present assay conditions is an uncertainty 
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with regard to polymerase II initiation. A high salt concentration 
inhibits this activity (Mandel and Chambon, 1974; Hossenlopp et al., 
1974). It is unclear whether reinitiation occurs in any isolated nuclei 
(Bitter and Roeder, 1978; Gilboa et al., 1977). In erythrocyte nuclei, 
the addition of sarkosyl did not much change the total amount of synthe­
sis (Table V). Because sarkosyl inhibits reinitiation, it appears that 
there is a similar lack of reinitiation in these nuclei. Also, the con­
clusion of Gariglio et al. (1981) that the polymerases are stalled in 
the 5' end of the globin genes suggests that elongation does not neces­
sarily follow initiation. These observations suggest that an under­
standing of regulation of transcription in isolated erythrocyte nuclei 
requires a more careful analysis of the conditions inhibiting initiation 
and elongation. It can be further noted that the preincubation of nuc­
lei with extracts was carried out in fairly low salt to maximize uptake 
of protein. This may permit initiation of new synthesis before changing 
to the high salt of the transcription assay. 
Finally, if reactivation results, representative changes in activ­
ity must be detected. Whereas heterokaryons are incubated for several 
days, during which the reactivation effects are noted, isolated nuclei 
cannot be maintained in incubation as long. This suggests that, 
although reactivation may have occurred in the isolated nuclei, it may 
not be detectable within the shorter time available. For instance, the 
first change in synthesis may not be a dramatic (or detectable) increase 
in total synthesis but a shifting to a few different sequences, which in 
turn bring about changes in the quantity of synthesis. This would be 
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consistent with the Britten and Davidson (1969; Davidson and Britten, 
1979) model of gene regulation, where small RNA molecules bind to DNA 
repetitive sequences and stimulate transcription. The exact time scale 
of these reactions is not known. 
Reactivation has not been conclusively demonstrated in this study. 
The reasons for this are unknown and could be manifold. The three 
requirements listed above are at least a starting point for designing 
experiments aimed at solving this problem. 
The protein uptake experiments offer a first approximation for 
getting components into the erythrocyte nucleus. However, the necessary 
components may not be present or at high enough concentrations in crude 
extracts, or conditions may not be correct for getting specific factors 
in. The first problem cannot be answered until reactivation occurs but 
the second can be dealt with somewhat. The protein uptake described 
above dealt only with general cytoplasmic proteins. It has been demon­
strated, however, that protein uptake is a somewhat selective process 
(Cox, 1982). A refinement of the conditions for protein uptake might be 
necessay in order that NHCPs are taken up more readily by erythrocyte 
nuclei. This could be achieved using the procedures for extraction, 
protein labeling, and uptake assay as given in Materials and Methods. 
Some new strategies for the types of extracts used in this study might 
include investigating a polymerase II stimulatory factor from Ehrlich 
ascites cells which stimulates RNA synthesis in isolated mouse spleen 
nuclei (Ueno et aJ., 1981) or some of the transcription initiation fac­
tors required for correct initiation in an in vitro transcription system 
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(Weil et al., 1979). 
The conditions chosen for RNA synthesis may directly affect reac­
tivation. As suggested above, transcription initiation is not occurring 
in the isolated erythrocyte nuclei. The extracts could similarly not 
have a significant effect if they act primarily at this level of tran­
scription. The lack of initiation could result from the high salt assay 
conditions or from the nuclear isolation procedure. The high salt 
inhibition can be dealt with by preincubating with low salt. Both prob­
lems can be studied using Jf-thio nucleotides and mercury-agarose columns 
to separate out newly initiated sequences (Reeve et al., 1977). Condi­
tions chosen for maximum inititiation instead of total synthesis could 
give a different direction to the study. Transcription elongation is 
another point where an exogenous extract could stimulate synthesis (Gar-
iglio et al., 1981). The site of action of such an extract could be 
within the chromatin, loosening the protein-DNA complexes so that the 
polymerase can pass. A non-physiological disruption of these complexes 
by sarkosyl shows that the nuclei of Gariglio et al. (1981) may allow 
regulation at this point. In Table V above, sarkosyl showed little 
stimulation of nuclei prepared and assayed as described in Materials and 
Methods. How isolation and assay conditions affect sarkosyl stimulation 
could give further evidence of how this regulation occurs. Termination 
can also influence total incorporation, and premature termination is 
thought to be a common form of regulation (Nevins and Wilson, 1981). 
Conditions appear to be correct in these nuclei for the production of 3' 
termini that can be polyadenylated suggesting that at least some normal 
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termination is occurring. 
If reactivation was occurring in this study, then for some reason 
it was not being detected. This could be because only one aspect of 
reactivation, an increase in total transcription, was analyzed. But 
reactivation is a complex gene regulation event that could involve more 
than just this transcription change. Therefore, other changes in activ­
ity need to be examined. From studies of reactivation of erythrocyte 
nuclei in heterokaryons and their deactivation in the last stages of 
erythropoiesis, several changes in activity are observed. Besides a 
greater level of RNA synthesis, reticulocytes have polymerase I activity 
and hence produce multiple types of RNA. Reactivated erythrocytes, sim­
ilarly, synthesize rRNA and globin sequences which are not produced in 
erythrocytes. Reticulocytes and reactivated erythrocytes process RNA 
and maintain a significant level of transport of these sequences to the 
cytoplasm. How these could relate to reactivation of isolated erythro­
cyte nuclei is expanded below. 
The total level of transcription may not increase but actually 
decrease when an extract is added. This was observed for several 
extracts. If a ribonuclease is added with an activator, their effects 
could cancel out. A fractionation of these extracts might separate such 
components and allow their independent analysis. Alternatively, if a 
ribonuclease inhibitor is added, an increase in synthesis would not nec­
essarily mean reactivation. The less than optimal UTP concentration 
employed in this study probably limits transcription elongation. A fac­
tor that acts on elongation may not be observed because of this limita-
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tion. 
A switch from one spectrum of transcripts to another could occur 
with no change in overall synthetic capacity. Characterizing the RNA 
produced in response to reactivation extracts would be required to moni­
tor such changes. This could be done by gel electrophoresis or by hybri­
dizing the new transcripts to cloned probes of the appropriate 
sequences. Some such sequences might include the globin genes or puta­
tive control sequences from the repetitive class. More data could be 
accumulated on the differences in sequences found between erythrocytes 
and reticulocytes or reactivated heterokaryon nuclei. Some information 
could also be obtained by comparing the relative abundance of repetitive 
and unique sequences occurring after reactivation. 
Even if total RNA synthesis and the types of sequences expressed 
remain constant, new cytoplasmic products could be found if a different 
set of sequences are released from the nucleus. A precedent for this 
has been described in a study of erythroid hemoglobin gene switching 
(Landes and Martinson, 1982), where sequences of both embryonic and 
adult globin genes are expressed in nuclear RNA but only one of the pro­
teins was produced in the cytoplasm. This post-transcriptional form of 
regulation might be suggested by the release of RNA from reticulocytes 
but not from erythrocytes in Fig. 7 above. An increase in this activity 
during reactivation of erythrocyte nuclei could be detected by the 
appearence of new transcripts in the incubation medium. This may have 
occurred with rabbit liver polysomal extracts (Table VIII) where a 40% 
increase in total synthesis was found in the supernatant after centri-
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fuging the nuclei. Further details of the types of sequences released 
by erythrocyte nuclei as compared to the total synthesis and nuclear 
release in reticulocytes would determine its importance. 
The low-level RNA synthesis demonstrated in saponin-lysed erythro­
cytes is fairly complex. It has the large heterogeneous size, the uni­
que sequence complementarity, and the RNA polymerase II characteristics 
which are typical of eukaryotic expression. Isolated nuclei support RNA 
synthesis which appears to be representative of that in intact erythro­
cytes but allows manipulation of the conditions affecting this synthe­
sis. The isolated chicken erythrocyte nucleus is recommended for fur­
ther study on the factors which modulate transcription. The appearance 
of repetitive elements and nuclear RNA release offers a system which may 
help to interweave the plethora of events involved in eukaryotic gene 
expression. 
Ill 
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APPENDIX 
A Computer Program To Fit Parameters to Nucleic Acid Hybridization 
Kinetics Data by Least Squares Analysis 
General comments 
This program uses the non-linear least squares routine named "curfit" 
and its subroutines as found in Bevington (1969). It is designed to be 
used interactively on a Tektronics graphics terminal (e.g., 4006 or 4051). 
It was written using the Vax 11 implementation of ANSI FORTRAN 1977. 
The graphics subroutines are part of the Plot-10 Interactive Graphics 
Language (IGL) written by Tektronics as running on Vax. The data file 
structure and some of the functions of this program are similar to those of 
Britten, et al. (1974). 
Equations 
The fitting routine of Bevington (1969) requires arrays containing 
values for the independent variable (i.e., C^t values), the corresponding 
dependent variable (i.e.. Fraction single stranded) and the parameters used 
to define the equation (i.e., k^, k^, k^, f^, f^, fg, etc.). It also uses 
a FORTRAN function named "Functn" and a subroutine named "Fderiv" which 
contain the equation to be fit and the derivative of this equation in each 
of the fitting parameters. The variable NATYPE has been included as a 
switch to select among the three equations in the subroutine. 
The three equations used in this application are as follows 
(numbers correspond to value of NATYPE): 
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1) DNA reannealing (i.e., standard "C t" curve) 
C . J , ,  
C unhybr. 1 + k^C t 1 + k_C t 1 + k_C t 
o lo 2o Jo 
2) DNA-RNA hybridization in DNA excess. RNA is labeled tracer. 
\ = ^unhybr. + ^ 1 + k^C^t)^-^)/k^(l-n)] 
+ fg exp [h2(l-(l + k2C^t)l"*)/k2(l-n)] 
+ exp [h^Cl-d + kgC^t)^ "^/kgCl-n)] 
3) RNA-cDNA hybridization in RNA excess (i.e., R^t curve) 
= ^unhybr. + ^ 1 + ^ 2 ^"^2^^^ + ^ 3 
Variable assignments were made as follows: 
Equation # Y(I) X(I) A(l) A(2) A(3) A(4) A(5) A(6) A(7) A(8) 
1 C/C^(i) C^t(i) f^^Yiybr. ^1 ^1 ^2 ^2 ^3 ^3 
2 U/U^(i) C^t(i) n funhybr. ^2 ^2 ^3 ^3 
3 C/C^(i) Rpt(i) f^^hybr. ^i ^1 ^2 ^2 ^3 ^3 
Equation 2 requires three more values assigned to k^, k^ and k^. These 
correspond to A(3), A(5) and A(7) from the DNA driver fraction as analyzed 
in Equation 1. 
Directions for use 
The program is menu-driven with the following eight functions: 
1 - STOP, exit program; 
2 - NEW PARAMETERS, enter new values for the parameters which are used 
to define the plotted line and as an initial guess in the least squares 
analysis, the values are entered in the order shown above in variable 
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assignments for the array A. A value must be entered for each variable 
assigned for that equation although (except for n) those values may be 
zero to specify fewer components; 
3 - FITTING, fits a line to the present data using the specified 
2 
equation. Outputs a value for X followed by the fitted parameters. 
These new parameters replace previous values. Generally this step is 
2 
repeated until little change in X is seen in subsequent runs. 
4 - PLOT, graphs the function previously specified using the present 
values for the parameters. 
5 - SET AXIS FOR GRAPH, the minimum and maximum values for the X and 
Y axis can be varied. Values for the X axis can be -7 to 7 (Log C^t) and 
for the Y axis 0 to 10% (single stranded); 
6 - NEW DATA, recalls data previously entered using 7; 
7 - CREATE NEW DATA FILE, creates a data file which is stored in 
disk memory. The user is prompted for a six-letter name for this file 
(which is used to recall the data using command 6), a one line description 
of the data, the number of values to be input, and pairs of data numbers 
(Log C^t, Fraction Single Stranded); 
8 - SET SIZE, changes the actual size of the plotted graph. 
The user is prompted for all responses except after command 4, the 
plotting function, where the screen is held for view until the return key 
is pressed. 
Program listing 
The program is organized as follows: 
FCONTROL - Main Program 
Inputer - accepts, formats and stores hybridization data 
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Curfit - fitting routine main subroutine 
2 
Fchisq - calculates X 
Matinv - matrix invert 
Functn - FORTRAN function of hybridization equations 
Fderiv - Derivatives of hybridization equations 
Z plot - graphing routine main subroutine 
Axis - displays specified labeled axis 
Point - displays data points 
Plot - draws line defined by array A and present 
Functn. 
Subroutines Curfit, Fchisq and Matinv were taken from Bevington (1969) with 
only very minor changes so only those lines which incorporate changes are 
shown with changes in lowercase. 
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FCONTROL 
DIMENSION X(50), Y(50), SIGMAY(50), A(10), DEL7AA(iO), 
1 SIGMAA(IO) T YFIKSOr TITLE(54) , C0TL(50) 
COMMON XMIN r XMAX ,YMINYMAX, SYMBOL, XSIZE, YSIZE 
INTEGER SYMBOL 
CHARACTER*B VAR 
CHARACTER*2 ERASE 
CHARACTER*! AERASE,BERASE,BELL 
CHARACT£R*30 DELAY 
REAL K1,K2..K3 
DATA XMIN,XMAX,YMIN,YMAXrSYMBOL/-5.0,5.0,0.0,100. 
DATA XSIZE:YSIZE/1SO.0,143.0/ 
DATA AERASErBERASE,BELL/27rl2,7/ 
ERASE=AERASE//BERASE 
GO TO 45 
5 TYPE *,BELL 
TYPE *, ' GIVE RAW DATA FILENAME' 
IFILE=20 
READ (5,7) VAR 
7 FORMAT (AS) 
8 OPEN (UNIT=IFILE,NAME=VAR,TYPE= OLD',ERR=5) 
READ (20,10) KNUM,(TITLE(MP),MP=1,KNUMJ 
TYPE 15, (TITLE(MO),M0=1,KNUM) 
10 FORMAT(14,54Ai) 
15 FORMAT(54A1) 
DO K=l,50 
20 READ (20,27) Y(K),X(K),COTL(K>,SIGMAY(K) 
IDEC=Y(K>+.1 
IF(IDEC.EQ.3) GO TO 30 
END DO 
27 FORMAT(4F11.3) 
K=K+1 
GO TO 20 
30 REWIND 20 
NPTS=K-1 
TYPE ' DNA-RNA OR DNA-DNA FITTING? 
1 (RSVP DNA= "1 ' ' ,RNA= ' '2'  ,CDNA:RNA= "3 " ) ' 
ACCEPT *rNATYPE 
IF (NATYPE .EG. 2) THEN 
TYPE ' GIVE VALUES FROM DNA FITTING: 
1 K1,K2,&K3 RATE CONSTANTS' 
ACCEPT K1,K2,K3 
END IF 
35 TYPE •», ' HOW MANY PARAMETERS?' 
ACCEPT *,NTERMS 
TYPE *,' GIVE VALUES FOR THE GUESSED PARAMETERS' 
ACCEPT 4, (A(LM),LM=1,NTERMS) 
GO TO 45 
*** 
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40 M0DE=0 
FLAMDA=.001 
CALL CURFIT (X, Y, SIGMAY, NPTS, NTERMS, MODE, A, 
i DELTAA,SIGMAAr FLAMDA, YFIT, CHISQR, MATYPE, 
1 K1,K2,K3) 
TYPE CHISQR, (A( ID T IL=i , NiTERMS) 
45 TYPE ' 1=ST0P.-2 = NEW PARAMETERS,3 = FITTING,4 = PL0T, 
15=SET AXIS FOR GRAPH' 
TYPE •*, ' G = NEW DATA,7=CREATE NEW DATA FILE,8 = SET SIZE' 
ACCEPT *,MUMBR 
IF (NUMBR.EQ.2) GO TO 35 
IF (NUMBR.EG.3) GO TO 40 
IF (NUMBR.EQ.G) GO TO 5 
IF (NUMBR.EG.4) THEN 
CALL ZPLOT {A,NPTS,YrCOTL,NATYPE,Kl,K2,K3) 
TYPE ERASE 
TYPE DELAY,DELAY 
GO TO 45 
ELSE IF (NUMBR.EG.5) THEN 
TYPE *,' GIVE VALUES FOR XMIN,XMAX,YMIN,YMAX &SYMBOL 
1 ( 1 — 0,2 —X, 3 — "^ ,4 — * , 5"@, G—iAf ) ' 
ACCEPT *,XMIN,XMAX,YMIN,YMAX,SYMBOL 
GO TO 45 
ELSE IF (NUMBR.EQ.7) THEN 
CALL IMPUTER (VAR) 
GO TO 45 
ELSE IF (NUMBR.EQ.8) THEN 
TYPE 'CHANGE THE SIZE OF THE DISPLAYED GRAPH' 
TYPE *, 'GIVE XSIZE.-YSIZE IN MILLIMETERS, 
1 DEFAULT=190,143' 
ACCEPT *, XSIZE,YSIZE 
GO TO 45 
ELSE IF (NUMBR.NE.l) THEN 
GO TO 45 
END IF 
END 
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IMPUTER 
SUBROUTINE INPUTER (VAR) 
DIMENSION COT(40:,BOUND(40),COTL(40),TITLE(54) 
CHARACTER-s^S VAR 
IOUT=B 
IN=5 
WRITEdOUT,5) 
5 FORMAT(' CUVE A SIX CHARACTER NAME FOR A DATA FILE'r/J 
READ (IN,10)VAR 
10 FORMAT<A6) 
WRITE (TOUT,15) 
15 FORMAT (/:' NOW GIVE A LONGER MORE DESCRIPTIVE TITLE 
1 TO THE FILE',/) 
READ(IN,20) KNUM:(TITLE(K),K=2,KNUM+1> 
TITLE(1)=' ' 
20 FORMAT (Q,!)4A1 ) 
OPEN (UNIT=20,NAME=VAR,TYPE="UNKNOWN') 
WRITE <20.21) KNUM+lr (TITLE<K),K=1,KNUM+1) 
21 FORMAT (I4,54A1) 
WRITE (IDUT,22) 
22 FORMAT (' HOW MANY VALUES OF COT DO YOU WISH TO PUT 
1 IN THIS FILE',/,' N= ',$) 
READ (IN,23) N 
WRITE(I0U^,25J 
23 FORMAT (12) 
25 FORMAT ( ' .INPUT DATA IN THE FOLLOWING FORMAT:',/, 
1' "LOG COT VALUE (E.G.-0.5,1.5,3.5), 
1 FRACTION SINGLE STRANDED (E.G. 0.8,0.45,0.2)"' 
TYPE COTL, FRACTION' 
DO 50 1=1-N 
WRITEdOUT,24) I 
24 FORMAT (14,' ',$) 
ACCEPT*, COTL(I),80UND(I) 
COT(I)=10.**(COTL(I)) 
50 CONTINUE 
DO 75 I = 1 .. N 
WRITE (I0UT,55) COT(I),BOUND(I),COTL(I) 
55 FORMAT (3F11.3) 
75 CONTINUE 
N1=N+1 
BOUND(N+1>=2.9 
C0T(N+1)=0. 
COTL(N+1)=0. 
WRITE (20,55) (BOUND(I),COT(I),COTL(I) ,1=1,N+1) 
REWIND 20 
RETURN 
END 
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CURFIT 
SUBROUTINE CURFIT (X, Y, SIGMAYr NPTS, NTERMS, MODE, Ar DELTAA, 
1 SIGMAAr FLAMDAr YFIT, CHISQR; natype, kl,K2,K3) 
DOUBLE PRECISION ARRAY 
DIMENSION X(50), Y(50)z SIGMAY(50), A(10), DELTAA(IO), 
1 SIGMAA(IO), YFIT(50) 
DIMENSION WEIGHT(IOO), ALPHA(10r10)» BETA(10), DERIV(IO)r 
i ARRAY(lOrlO)r B(10) 
r e a l  K i r K 2 , K 3  
*** 
Line 41+1 
CALL FDERIV 0(, I, A, DELTAAr NTERMS, DERIV, natyperK1rK2rK3) 
DO 46 J=1,NT£RMS 
3ETA<J)=BETA(J)+ UEIGHT(I)»(Y(I)-functn(k,i ra,natype,K1,K2,K3)) 
1 *DERIV(J) 
*** 
FCHISQ 
FUNCTION FCHISQ (Y, SIGMAYr N?TS, NFREE, MODEr YFIT) 
DOUBLE PRECISION CHISQ,WEIGHT 
DIMENSION Y(50), SIGMAY(50), YFITC50) 
*** 
MATINV 
SUBROUTINE MATINV (ARRAY, NORDER, DET) (no changes) 
FUNCTN 
FUNCTION FUNCTN (X, I, A, NATYPE, K1,K2,K3) 
DIMENSION X<50), A(10) ^ 
DOUBLE PRECISION COMPONENTl,El,C0MP0NENT2,E2,COMPONENTS,E3 
REAL Kl, K2, K3 
IF (NATYPE .EG. 2) THEN ! DNA TO RNA IN DNA EXCESS FITTING 
T=1.-A(l) 
IF (Kl.EQ.O.O)THEN 
COMPONENT1=0.0 
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ELSE 
Ei=A(4: *(1- ( i+Ki»>- ( I ) ;•»*') /(Ki«T) 
IF (El .GT. 1.0) E1=0.0 
C0MPGN£NT1=A(3)*E^P(E1) 
END IF 
IF (K2.ES.0.0) THEN 
C0MP0NENTZ=0.0 
ELSE 
E2=A(6:l-(1+K2*X(I))**T)/(K2*T) 
IF (E2 .GT. 1.0) E2=0.0 
COMPDNrlNTZ = A( 5)*EXP(E2) 
END IF 
IF (K3.EGrO.O) THEN 
C0MP0NENT3=0.0 
ELSE 
E3=A(S:*(l-(i+K3*X(I))**T)/(K3*T) 
IF (E3 .GT. 1.0) E3=0.0 
C0MP0NENT3 = A(7)*E>:P(E3) 
END IF 
FUNCTN=A< 2)+CCMP0NENT1+C0MP0NENT2+C0MP0NENT3 
RETURN 
ELSE IF (NAT^'PE.EQ.l ) TKEN • DNA TO DNA FITTING 
FUNCTN=A< )+A(2)/(l+f (3)*X(I) )+A(4)/(H-A(5)*X(I) ) + 
1 A(B)/( 1+A(7)*>-(I) ) 
RETURN 
ELSE ICENA TO FNA IN RNA EXCESS FITTING 
FUNCTN=A( )+A{2)*EXP(-A(3)*X( I ) ) +A(4)*EXP(-A(5)*X( I ) + 
1 A(G)*EXP(-A(7)*X(I)) 
RETURN 
END IF 
FDERIV 
SUBROUTINE FLERIV (X, I.- DELTAAr NTERMS r DERIV, 
1 NATVPEr Klv K2T K3 ) 
DIMENSION X(50)r A<iO), DELTAA(iO), DERIV(10) 
REAL Kl,K2rK3 
IF (NATYPE .EG. 2) THEN ! DNA TO RNA IN DNA EXCESS FITTING 
X I = X f I )  
T=l-A(l) 
IF CKI.EQ.0.0) THEN ! DNA FITTED K=0 NOT ALLOWED 
F = 0.0 
ELSE 
B=(1+K1*XI) 
C=B»*T 
D=(1-C)/K1*T 
*** 
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-"L?E : "I'^A TD INA IN RNA EXCESS FITTING 
"OERTV'1,-:. 
DERIV < 2)=EXP<- A(3)*X«:)) 
DERIV(3)="X<I)*EXP(-f(3)*X(I 5 > 
DERIV(4>=EXP(-A<5)*X<I)) 
DERIV(5)=-X( I ;*EX?(-A(5)-*X( I ) ) 
DER : V( G ) =E:XP (-A(7)*X(I) ) 
DERIV(7)=-X(I :*EXP(-A(7)4X\:)) 
RETURN 
2ND IF 
END 
ZPLOT 
SUBRCU' INE ZFLCT ( A . MPT ?, Y r CCTl. - Y PE - K 1 - K2 : K3 > 
1:0MMQN XMTN. XMAX • YMN , Y lAX , SYMBOL , XSIZE. vSIZE 
DIMENSION AC 10) r/(50),CDTL(50} 
XWIDTH = XMAX-XMI!\i 
XMARLEFT=XMIN-XWIDTH/10. 
XMARRIGHT = XMAX-X:4IDTK/2;'. 
YHEÎ0H7 = YnAX- YMI \i 
YMARBOTTOM = YMIN-.'HEIGHT '10. 
YMART0P=YMAX-YHEiaHT/20. 
XMINUW-0.0+{190.0-XSIZE)/2.0 
XMAXVW=130.O-(19 3.0-XSIZE)/2.0 
VMINVW = 0.0+(143.Y SIZE)/2.0 
yMAXVk=163.0-(143.0-YSIZE)/2 
CALL GRSTRT (400-3,1 ) 
CALL MILLIM 
CALL VWPORT ( XMI!\|VW, XMA '(VW , YMINVW, YMAXVW ) 
CALL WINDOW ( XMARLEFT, X.1ARRIGHT, YMARBGTTOM, YMARTOP ) 
CALL NEWPAG 
CALL AXIS 
CALL POINT (NPTS,COTL,Y,SYMBOL) 
CALL PLOT < ArNATYPErKi , <2:-K3) 
CALL MOVE (XMARL.:FT.YMA?BDTTOM) 
CALL GRSTOP 
ACCEPT 
RETURN 
END 
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AXIS 
SU3RCU7IN5 AXIS 
COXMCN XMI ;v , XMAX r / 11M , /MAX 
X=XMfX-XMIN 
y=YMAX-YMIN 
ATIC = XMIN+-0.02#X 
3TIC=XMIN-0.02*X 
CTIC=XMAX-0.02>X 
FTIC=YMIN-0.02*Y 
GTIC=YMAX-0.C2*Y 
HTiC=YMINf0.02*Y 
CALL MOVE (XMIN,YMIN) 
CALL DRAW (XMAX, ,'MIN) 
CALL DRAW (XMAX,fMAX) 
CAi_L DRAW ( XMIN r /MAX ) 
CALL DRAW (XMIN,^MIN) 
C DRAW Y-TI :XS AND NLft^BE'^ AXIS 
CALL TXICiJR(S} 
DO 100 S=0.,100.r10. 
IF (S .LT. YMIN) GO TO 100 
IF (S .3T. YMAX.l GO TO 150 
CALL MOVE (STTC,S) 
L = S 
CALL INUMiSR (L.3> 
CALL MOVE (XMIN,15) 
CALL DRAW (ATIC,5) 
CALL MOVE (CTIC,;5: 
CALL DRAiN (XMAX,H ) 
100 C0NTI\,U2 
•50 CONTINUE 
C. L'MAX ^ TICKS 
CALL TXICLlR(S) 
DO 20.1 T = --7,7r0.;> 
L = T 
IF (T .L"^. XMIN) GO TO 200 
IF (T -QT. XMAX) GO TO 250 
IF (T. EG, L ;THE:M 
CALL 'iOVE (TrFTIC) 
CALL INUMEIR (L,2: 
E.MDIF 
CALL MOVE (T, YMir:) 
CALL DRAW (T.HTIC:) 
CALL MOVE C^TuTID 
CALL DRAW :T,YMA> ) 
200 CONTIIvUE 
250 CONTINUE 
RETURN 
END 
134 
POINT 
SUBROUTINE POINT (IEND,X,Y,SYMBOL) 
COMMON XMN,XMA> , YMIN, YMAX 
INTECiER SYMBOL 
DIMENSION X(50),Y(50) 
IF (SiYMBCL .EQ. 1) THEN 
LOOT:: '0 ' 
ELSE]F (SYMBOL .EQ. 2) THEN 
LDOT='X' 
ELSE]F (SYMBOL .EQ. 3) THEN 
LDOT= '+ ' 
ELSE!F (SYMBOL .EQ. 4) THEN 
LDOT= ' 
ELSE 
LDOT= 
ENDIF 
CALL TXIC'JR(5) 
CALL TXAM 
DO ICO J = i TZEND 
Yj=Y{ 
CALL MOVE (X(J).-VJ> 
CALL TEXT ( 1 .-LDCT) 
100 CONTINUE 
R E T U R N 
END 
PLOT 
SLiBRQ JTI/viu PLOT : P, NiATYPE , K i r K2 r K3 } 
COMMON XM"NrXMAX 
DIMENSION P(10) /'EXP(50) 
1 = 1 
XTEMP=XMA:(-XMIN 
CALL ^OVE (XMINr..00.5 
DO 10) T=XMIN!,XMAX,%TEMP/100. 
TEXPt I ) =ir.,-=f«T 
Yr IT- ZD = F!jNCTN ( "EX?, I. FNATYPE, K1, K2 , K3 ) 
Y1=YFITTEP*100. 
CALL .DRAW ( T, Y ) 
100 CONTINUE 
RETURivi 
END 
